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Abstract
A number of functionalised cyanate e s te rs  are synthesised and 
characterised . These functionalised  cyanate e s te rs  are investigated  in res in  
blends with commercial bis-maleimide and cyanate e s te r  res in s  in an attem pt to  
improve the Mode I frac tu re  toughness of commercial form ulations w hilst 
re ta in ing  the high g la ss  tra n s itio n  tem peratures of bis-maleimide form ulations. 
Room tem perature un id irectional carbon fib re  composite data are  presented and 
explanations for the observed physico-mechanical p roperties in terms of 
s tru c tu re -p ro p e rty  re la tionsh ips are  given.
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TLC Thin-Layer Chromatography
FT-IR Fourier Transform Infrared  Spectroscopy
s Strong -  IR absorbance band
m Medium ,,
w Weak ,,
b Broad ,,
NMR Nuclear Magnetic Resonance Spectroscopy
TMS Tetram ethylsilane (C^ H-, s>Si)
o/ppm NMR Chemical Shift- (measured in p a rts  per million)
s S inglet -  NMR
d Doublet -  ,,
d of d Doublet of doublets ,,
t  T rip le t ,,
m M ultiplet ,,
cm Complex M ultiplet ,,
g Grams
ml M illilitre
mol. Moles
°C Degrees Centigrade
mm M illimetre
cm Centimetre
conc. Concentrated
soln. Solution
approx. Approximately
temp. Temperature
o- Ortho-
m- Met a-
P- Para-
DABA Diallylbisphenol-A
CTBN Carboxy Terminated B utadiene-N itrile Rubber
C-353 "Compimide 353”
B-30 "Hi-Tek B-30" (M s-2,2'-C4-cyanatophenyl)propane)
DABAOCN Bis-2 ,2'-<3-allyl-4-cyanatophenyl)propane
DPBAOCN B is-2,2 ’-  (3- pr openy 1- 4- cy ana t  opheny 1 )pr opane
TGA Thermo-Gravimetric Analysis
PCB Printed C ircuit Board
Prepreg Pre-impregnated Carbon Fibres
PTFE Poly-tetrafluoroethylene
CFRP Carbon Fibre Reinforced P las tic
DMTA Dynamic Mechanical Thermal Analysis
DMA Dynamic Mechanical Analysis
TBA Torsional Braid Analysis
hrs Hours
mins Minutes
ILSS Interlam inar Shear Strength
flc Compressive Strength
fr Flexural Strength
Ef Flexural Modulus
Gic Mode I Fracture S train  Energy Release Rate
N Newtons
Pa Pascals (Nm~2 )
eV Electron Volts
- v i i -
k k ilo - <103 >
M Mega- (10e >
G Giga- (10s )
phr Percent re s in  weight
SEM Scanning Electron Microscopy/Micrograph
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Chapter 1
Introduct ±on
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1.1 Polymers
A polymer is  a large molecule made up from many much sm aller molecules 
termed monomers, covalently bonded. For a monomer to  be termed as such, i t  
must possess two or more reactive  s i te s , to  enable i t  to  form chemical links 
with o ther monomers. Since the discovery of vulcanisation of n a tu ra l rubber by 
Goody e a r<35 * and subsequently, the syn thesis of the  f i r s t  tru e ly  synthetic  
polymer "Bakelite" by Baekland‘:i 5:>, the quest fo r new and improved polymer 
systems has proceeded v irtu a lly  unabated, to  the point where they now form an 
in teg ra l part of everyday life .
The current understanding of polymer s tru c tu re  and behaviour derives from 
the pioneering ideas of Staudinger, and before him, Pickles, who challenged the 
general opinion held in the la te  1 9 ^  and early  2 0 ^  centuries. Previously i t  
was believed th a t polymers ex isted  as small, r in g -lik e  s tru c tu re s , linked 
together by simple physical a ttra c tio n , without any chemical association, to  form 
much la rger s tru c tu re s . Staudinger broke th is  conception, theorising  th a t 
polymers were in re a l i ty  linked networks of covalently bonded monomerc 203 5, 
forming macromolecules of variab le length and molecular weight. Despite 
in tense opposition a t the time, the macromolecular concept o f Staudinger 
prevailed, and led to  the vast and varied fie ld  of modern polymer science.
1.2 Polymerisation Processes
The means by which a monomer or monomers is /a re  converted to  a polymer is  
termed simply polymerisation. There a re  two main c lasses of polymerisation*®55 
known as condensation and addition polymerisation.
1.2.1 Condensation Polymerisation
Condensation or step-grow th polym erisation a r is e s  from a sequence of 
unrelated  processes completely ind istinguishable  from the analogous reactions in 
c la ss ica l organic chemistry. In c la ss ica l organic chemistry two mono-functional 
compounds undergo a condensation reaction, with the possible elim ination of a
-  9 -
simple molecule to  produce one la rg e r molecule; e s te r if ic a tio n  is  a good 
example. I f  th is  simple reaction  is  envisaged to  occur between two b i- or poly- 
functional compounds—then condensation—r eaction w ill continue to  occur between 
functional groups u n til  one or both is  exhausted, or some form of thermodynamic 
equilibrium  is  s e t up between reac tan ts  and products, therefo re  a single, g iant 
molecule termed a condensation polymer is  formed. This type of polymerisation 
does not necessarily  involve the elim ination of small molecules or ionic s a l ts  
in every case, hence the term step-grow th polym erisation should be used in 
preference. The vast fie ld  of condensation polym erisation is  covered in many 
texts '^*5'27' 1 G,s> and w ill not be discussed fu rth e r in th is  th esis,
1.2.2 Addition Polymerisation
Addition polym erisation does not involve the elim ination of small 
molecules, hence the monomer molecules are iden tica l to  the repeat u n its  within 
the growing polymer chain. The s tag es  of the polym erisation are not then 
separated  by the appearance of m oieties with re a c tiv i t ie s  sim ilar to  th a t of the 
monomer, but into th ree  d is tin c t stages: in itia tio n , propagation and term ination. 
The propagation and term ination s tages are generally  fa s t, la s tin g  a frac tio n  of 
a second, the overa ll reaction  taking an appreciable time fo r completion. From 
very close to  the onset, the reaction  mixture contains unreacted monomer, fu lly  
grown (terminated) polymer chains and growing polymer chains. The consequences 
of these concurrent processes are a smooth overa ll reaction  ra te , and th a t to 
the f i r s t  approximation the length of the polymer chains produced are 
independent of time.
The propagating chain reactions described above are sen s itiv e  to  the 
presence of trace  amounts of substances which can act as re ta rd e rs  or 
inh ib ito rs, removing the chain ca rr ie rs  e ith e r p a r tia lly  or completely. The 
chain c a rr ie r  may be e ith e r an ion (ionic polymerisation) or a free  radical; a 
reac tiv e  substance characterised  by a sing le  unpaired electron, usually  formed 
by the decomposition of an unstable m aterial termed an in itia to r :
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i2  -------^ 2 i #
where I2 is  the in ita to r , I- the free  rad ical
1.2.2.1 Free Radical Polymerisation
The in i t ia l  postu la tion  of vinyl polym erisation proceeding through a chain 
mechanism dates back to  the work of Staudinger*209 5 in 1920, and was 
subsequently confirmed by Floryce“*5 in 1937. Flory's work on the k ine tics  of 
vinyl polymerisation proved categorically  th a t rad ica l polym erisation proceeds 
through the s tep s  of in itia tio n , propagation and term ination.
In the in itia tio n  stage, the free  rad ica ls  generated by the previous route 
w ill add to  the double bond of a vinyl monomer, with the regeneration  of 
another radical:
H
I
I ®  +  c h 2 = c h x   ►  r c h 2 c  •
H
The chain rad ica l formed in the in itia tio n  step  is  then capable of adding 
fu r th e r monomers in the propagation process:
H
R—  ( c h 2c h x — ) xc h 2c »  +  c h 2 = c h x  - - - - - - - ►  r — ( c h 2c h x — ) x+1c h 2 o
H
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The propagation s tep  is  fa s t, and many more monomer molecules add
successively to  the growing chain, rapidly  forming polymer chains of high
molecular weight. Propagation would continue u n til the supply of monomers is
exhausted but for the tendency of the propagating rad icals  to  undergo a
term ination step , forming a pa ired -e lec tron  covalent bond, thereby destroying 
the rad ica l ac tiv ity . To o ffse t th is  tendency the concentration of rad ica l 
species is  low in comparison to  monomer concentration in rad ical polym erisation.
The term ination s tep  may proceed in a t le a s t two ways:
1. Combination or coupling:
H H H H
i i  I I
+ •CCH2vvvv ------- ^  —CCH2 ‘
H H H H
in which two chains combine, thereby annih ila ting  each o thers a c tiv ity  yielding 
a single inactive polymer chain.
2. Disproportionation:
H H H u
I I  I
'\a a a C H 2 — C •  +  * C  —  CH2vsAA/  ►  -t y C — CH'-'w*
H H H H
in which tra n s fe r  of a hydrogen atom from one growing chain to  another y ie lds 
two inactive polymer chains, one with a sa tu ra ted , the other an unsatu rated  end 
group.
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Flory^®43 fu rth e r estab lished  th a t chain tra n s fe r  may occur in rad ica l 
polymerisation. Chain tra n s fe r  involves the tra n s fe r  of an atom between the 
rad ica l and another species, th is  species may be monomer, polymer, solvent,
in itia to r , or a d e libera te ly  added chain tra n s fe r  agent. The main e ffe c t of 
chain tra n s fe r  is  the production of add itional polymer molecules fo r each 
in itia te d  chain. In the case of chain tra n s fe r  to  polymer or monomer, with 
subsequent polymerisation, branched chains are formed.
I t  is  possible to influence Jhe r a te  and degree of polym erisation through 
the use of re ta rd e rs  and inh ib ito rs. These are defined as substances th a t reac t 
with a rad ica l to  form products incapable of adding fu rth e r monomer, the 
d ifference between them is  merely one of degree of re ta rd a tio n . An in h ib ito r 
reac ts  with rad ica ls  as soon as they are  formed, preventing polym erisation from 
proceeding u n ti l  a l l  the in h ib ito r is  consumed. This leads to  an induction 
period, the length of which is  dependent on the amount of in h ib ito r added.
Retarders are somewhat le ss  reactive, simply competing with monomer fo r free  
rad icals, thereby reducing the ra te  and degree of polymerisation.
The polymerisation k ine tics  of vinyl compounds by free  rad ica l mechanisms 
are complex for a number of reasons. Apart from the d iff ic u lty  in obtaining 
'ideal* conditions, the overa ll reaction  k inetics are complex and very much 
dependent on the precise nature  o f the chain in itia tio n , tra n s fe r  and 
term ination processes. I f  one considers the  're a l ' conditions th a t are generally  
encountered for vinyl polymerisation, ie  therm al polym erisation w ithout the
exclusion of oxygen, i t  is  no su rp rise  th a t quan tifica tion  of the  processes is  
unfeasible. These complications a r is e  as a re s u lt  of a number of fac to rs . 
Monomer and rad ica ls  are  present in high bulk concentration and in it ia t io n  is  
via a thermal mechanism. Besides these  fac to rs, physical e f fe c ts  must be 
considered; increasing v iscosity  may lead to  the  Trommsdorff e ffe c t, an 
acceleration  in the ra te  due to  the inhib ition  of chain term ination in  a 
d iffusion  controlled s ta te , a lte rn a tiv e ly  an increase in v iscosity  as the polymer 
s ta r t s  to gel re ta rd s  reaction  as co llis ion  of the necessary ac tive  s i t e s  is  
prevented. Ultimately, th is  f in a l e ffe c t is  seen a t v itr if ic a tio n , when the
extremely high v iscosity  of the system causes an a r t i f ic ia l ly  early  term ination.
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1.3 C lassifica tion  o f  Polymers
By th e ir  macromolecular nature, polymers have a varie ty  of unique 
p roperties  when compared with other m aterials. One unique facet of polymer 
p roperties  is  the character of th e ir  morphology, which has a profound e ffe c t on 
the re su ltan t physical p roperties. A polymer may display amorphous, c ry s ta llin e  
or sem i-crysta lline  character, the ex ten t of c ry s ta llin ity  being dependent on a 
number of fac to rs, especially  interm olecular a ttra c tio n , chain p o la rity  and chain 
reg u la rity .
Two tran s itio n  tem peratures can be used to  characterise  polymer behaviour, 
namely the melt tem perature Tm, and the  g lass  tra n s itio n  tem perature Tg. Tm is  
a f i r s t  order tran s itio n , thus i t  is  m anifest as an in flec tio n  in the 
enthalpy/tem perature curve, w hilst Tg, being a second order tran s itio n , is  
m anifest as an in flec tio n  in the f i r s t  derivative  enthalpy/tem perature curve. 
These two tem peratures gain d iffe ren t importance in the descrip tion  of 
c ry s ta llin e  and amorphous polymers. Tm is  u sefu l for ch arac te risa tio n  of 
c ry s ta llin e  polymers, w hilst Tg is  more relevant to  amorphous polymers, such as 
those described in th is  work.
The melt tem perature is  governed by chain f lex ib ility , po larity , symmetry, 
packing and molecular weight. Tg meanwhile is  governed by the same fac to rs , 
but displays more complex tra n s itio n a l behaviour. The g la ss  tra n s itio n  
tem perature can be defined as the tem perature a t which the polymer gains main 
chain molecular motion, which is  observed as a tra n s itio n  from g la ss - lik e  to  
rubber-like  behaviour. Therefore polymers with sub-ambient Tg tend to  display  
f le x ib ility  and rubber like behaviour a t room tem perature. Polymers with higher 
Tg behave as rig id  or g lassy  m ateria ls  a t room temperature. This behavioural 
tra n s itio n  is  of profound importance, the polymer in question being required  to  
show appropriate behaviour in i t s  an tic ipated  use tem perature range. Because 
Tg and Tm are governed by the same fac to rs  they tend to  show a marked 
correlation , th is  is  discussed fu rth e r in Section 1.4.
Cross-linking of the polymer m atrix also  has a marked e ffe c t on 
p roperties. The e ffec t is  a re su lt  of the individual polymer chains being 
joined a t in te rv a ls , thereby re s tr ic t in g  molecular motion. This can lead to  a
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m ateria l incapable of showing a melt or g la ss  tra n s itio n  before decomposition. 
Glass tran s itio n  is  therefo re  positive ly  influenced by c ross-link  density.
1.4 Structure/Property R elationships
Since the f i r s t  discoveries of syn thetic  polymers, s c ie n tis ts  have s triv en  
to  find more applications for th is  range of compounds, supplementing or 
replacing more tra d itio n a l m ateria ls  with v e rsa tile , man-made m aterials. The 
inev itab le  re su lt of th is  i s  a fundamental requirement for an understanding of 
the s tru c tu re /p ro p e rty  re la tio n sh ip s  of syn thetic  polymers. A number of 
su itab le  reactive  end-groups for high performance m ateria ls are described in 
Section 1.6, w hilst th is  section is  concerned with polymer backbone s tru c tu re , 
and i t s  e ffec t on the polymer p roperties.
S tructure/p roperty  re la tio n sh ip s  are dominated by two fac to rs , which can 
effec tiv e ly  be considered together, namely chemical considerations and 
a rc h itec tu ra l considerations. The former is  re a lly  self-exp lanato ry , being 
concerned with the chemical composition of a polymer backbone, and i t s
fundamental e ffec t on physical p roperties, including sample c ry s ta ll in ity . The
la t te r  is  concerned le ss  with the co n stitu tio n  of the backbone, but more with
i t s  sp a tia l arrangement. Factors such as branching, cross-link ing  and in te r­
chain association would be of importance in th is  respect.
The su ita b il i ty  of a polymer for a specific  application is  governed by a 
number of factors, such as chain flex ib ility , symmetry, interm olecular 
a ttra c tio n s , the re la tionsh ip  between g lassy  and c ry s ta llin e  phases and the
proposed use environment. D isregarding the la t te r ,  these fac to rs  m anifest 
themselves in fam iliar quan tifiab le  terms, namely melting point, g la ss  tra n s itio n  
tem perature, c ry s ta llin ity  and modulus. The glassy  phase is  a m eta-stab le  non­
equilibrium  s ta te , in con trast to  the c ry s ta llin e  phase which is  s tab le  below Tm. 
Thus fo r a varie ty  of reasons Tm and Tg are of primary concern in aerospace 
applications, hence the re la tionsh ip  between these two and means by which they 
can be controlled are considered below.
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1.4.1 Relationship between Tg and Tm
Empirically th e re  is  often  a c lear re la tio n sh ip  between Tg and Tm. In the
case of most lin ea r homo-polymers the ra tio  Tg/Tm lie s  in the range 0.5-0.8,
th is  is  in sp ite  of the fac t th a t they are not re la ted  thermodynamically, Tm
being a f i r s t  order tran s itio n , Tg not. This i s  because the fac to rs  th a t
influence Tg and Tm tend to a ffe c t each to  a sim ilar degree, hence i t  is  
generally  only possible to  control both fac to rs  together, ie  there  is  a 
lim ita tion  to  high Tg and high Tm or a low Tg and low Tm, n e ith e r being
contro llab le  independently of the other.
1.4.2 Factors that Influence Tg and Tm
The th ree  main fac to rs  th a t influence Tg and Tm are chain symmetry,
f le x ib ility  and ta c tic ity , of which chain f le x ib ili ty  has the la rg e s t e ffe c t. The 
g re a te r  the chain f le x ib ili ty  the lower the Tg, which increases with chain 
r ig id ity . In the same manner, strong interm olecular forces serve to  increase 
chain s tif fn e s s , c ry s ta ll in ity  and hence Tg. The presence of pendant groups 
also has an e ffec t; large pendant groups tend to impede in te rn a l ro ta tio n
thereby also reducing f le x ib ili ty  and increasing Tg, these large pendant groups 
a lso  tend to  reduce c ry s ta llin ity , except when arranged in regu lar syndio- or 
iso ta c tic  chains.
As chain f le x ib ili ty  is  the major fac to r influencing Tg and Tm then some 
degree of contro l over th is  would lead to  the p o ssib ility  of sp ec ifica lly  
ta ilo rin g  polymer p roperties by a lte rin g  the chain f lex ib ility , prim arily by 
se lec tiv e  choice of backbone elements. Highly flex ib le  chains w ill ro ta te  eas ily  
in to  numerous conformations, making excellen t elastom ers. Meanwhile rig id  
chains have hindered backbone ro ta tio n s  and tend to  make good fib res.
I t is  possible to ta ilo r  backbone fle x ib ility  by the judicious and sensib le  
chemical design of the polymer backbone, these changes can then be m anifest in 
th e ir  e ffec t on Tg and Tm. The presence of long sections of -CH2-  m oieties in 
the polymer backbone keeps chain f le x ib ili ty  high, and hence polymers such as 
polyethylene display sub-ambient Tg and low Tm. Other groups such as -0 - , -  
CO.Q
-  16 -
CO.O- and -OCO.O- serve to  increase chain f le x ib ili ty  s t i l l  fu rther, thus Tg and 
Tm wil tend to  show a corresponding reduction. Conversely, polar groups such
as -S02-  and -CONH- show strong interm olecular a ttra c tio n , and increasing
tendency toward c ry s ta llisa tio n , hence an increase in Tg and Tm. Incorporation 
of rings, both a lip h a tic  and especially  aromatic, in the backbone gives a marked 
increase in Tg and Tm, a la rge  increase in chain s t if fn e s s  being caused by the 
re s tr ic tio n  in conformational freedom; in th is  respect p a ra -su b s titu tio n  tends 
to display a g rea te r e ffe c t than rae ia-substitu tion , due in p a rt to  more
e ff ic ie n t packing in the more regu lar para-s tru c tu re <:es5.
Interm olecular hydrogen bonding serves l.o increase chain r ig id ity  by 
increasing the la t t ic e  energy of c ry s ta llin e  regions, with a corresponding e ffe c t 
on Tg and Tm. This e ffe c t is  most marked when the backbone is  highly regular, 
enabling closer in terchain  association  thereby maximising the e ffe c t, and can 
duly be emphasised or diminished by the judicious incorporation of regu lar 
backbone m oieties or d isruption  of chain re g u la rity  respectively .
1.4.3 Cb-polymer Systems
The comments outlined above have the combined e ffe c t of enhancing or 
depressing Tg and Tm to a sim ilar degree. The incorporation o f d iffe ren t 
s tru c tu ra l  fea tu res  in to  a homo-polymer backbone w ill not, as a general ru le , 
influence Tg or Tm independently of each other. In order to  achieve th is  e ffe c t 
a d iffe ren t approach must be adopted, w hilst re ta in in g  the lessons le a rn t above. 
That approach is  to  use combinations of d iffe ren t monomers to  form a co­
polymer.
If  one considers a regu lar homo-polymer consisting  of repeat un it -A-, 
th is  w ill display a spec ific  Tg and Tm, i f  there  is  a considerable degree of 
chain association  then both Tg and Tm w ill necessarily  be high, a d ire c t re s u lt  
of the high degree of chain ordering. I f  th is  chain order i s  d isrup ted  then 
th is  w ill have an e ffe c t on Tg and Tm. I f  we now consider a second polymer, 
sim ilar to, and capable of co-polymerisation with the f i r s t  but with rep ea t un it 
-B-, then th is  w ill show sim ilar, but d iffe ren t Tg and Tm from th a t o f A. A 
random co-polymer of A and B w ill show a Tg interm ediate between th a t of i t s
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components. However, a marked decrease is  observed in the Tm compared with 
th a t of the individual components, due to  the second component d isrup ting  the 
in terchain  association. Tg is  not affected  in the same manner as Tm due to  i t s  
dependence on chain flex ib ility , as opposed to  packing efficiency. This method 
thereby provides a means by which the gap between Tg and Tm can be diminished 
by independent influence of one property, a fe a tu re  not easily  achievable by 
o ther methods.
Co-polymer systems also  o ffe r  an opportunity to  increase the d ifference  
between Tg and Tm, u tilis in g  block co-polymer systems. The method req u ires  the 
block co-polym erisation of sequences su ffic ie n tly  long to  c ry s ta ll is e  
independently. I f  one phase, A, possesses high Tm, the second, B, a low Tm, then 
the combination of the two would be expected to  display a high Tm from A, and a 
low Tg from B. This is  reasonable when one considers th a t the u ltim ate Tm w ill 
be governed by the melting point of the higher component, w hilst the u sefu l Tg 
is  th a t defined by the lower component. The composition and arrangement of 
such block co-polymer systems is  important fo r the attainm ent of enhanced 
properties. These property enhancements are explainable in terms of the "domain 
concept "c 66 >, g lassy  domains below th e ir  Tg act to  secure elastom eric blocks a t 
both ends acting as e ffec tiv e  c ross-link ing  points, re su ltin g  in high te n s ile  
m ateria ls with elastom eric p roperties. The behaviour described i s  'id ea l', but 
can be very u sefu l in the combination of g lassy  therm oplastics with an 
elastom eric phase, such as styrene/butadiene co-polymers.
1.5 Requirements for High Performance M aterials
Considering the points outlined in previous sections, i t  is  possib le  to  
make some deductions as to  p lausib le s tep s  to  be employed in the design and 
syn thesis  of polymers for high tem perature applications. These can be outlined  
here.
In order to  meet operational requirem ents a t elevated tem perature, a 
polymer matrix must display a number of ch arac te ris tic s :
Mechanical property re ten tion  -  implying a high g lass  tra n s itio n  tem perature and 
soften ing  point.
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Thermal s ta b i l i ty  -  re s is tan ce  to  thermal degradation.
Chemical s ta b i l i ty  -  re s is tan ce  to chemical a ttack  under adverse chemical and 
thermal environments.
In the case of composites for s tru c tu ra l  applications, these  requirem ents 
can be described in terms more easily  associated  with polymeric s tru c tu re s , 
namely high modulus, high streng th , good toughness c h a ra c te r is tic s  and good 
environmental performance. The precise thermal s ta b i l i ty  would be dependent on 
whether i t  is  the tru e  Tg, or the soften ing  point which governs the maximum use 
temperature.
Thermal s ta b i l i ty  can thus be seen to  be influenced by a number of 
facto rs, from which a number of general requirem ents fo r attainm ent of su itab le  
p roperties can be made:
1. Strong chemical bonds should be u tilis e d  as fa r  as possible.
2. The s tru c tu re  should show no tendency for easy fragm entation or
rearrangement.
3. Resonance s ta b ilisa tio n  should be u tilis e d  as much as possible.
4. Use of ring s tru c tu re s  o ffe rs  good property enhancement, conditional
tha t the rings are not s tra ined  from normal bond angles.
5. M ultiple bonds, in the form of c ross-links, g ra f ts  e tc  should be
u tilised .
Using these genera lisa tions allows qu ite  spec ific  p rac tica l conclusions to  be 
drawn<fe-° with regard to  syn thetic  considerations. High performance m ateria ls  
produced to  date  take account of these observations, sharing a number of common 
s tru c tu ra l  fea tu res, which are  also considered in th is  work.
Linked rin g s  o ffe r good thermal s ta b ility , especially  in the case of a l l  
para-linkages where outstanding thermal performance is  a tta in ab le . Hence 
polymers with a requirement for performance in thermally, or therm o-oxidatively 
h o s tile  environments invariably consist of a backbone of linked arom atic rings. 
The downside of th is  therm al performance is  the general in tra c ta b il i ty  and 
processing problems associated  with a l l  para-linked compounds. This 
disadvantage can be o ffse t by the incorporation of m eta-links which serve to  
improve so lu b ility  (processability) but reduce soften ing  tem peratures, requ iring  
a compromise composition to  be determined.
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Using the linked-ring  backbone requ ires bridging u n its  to  be introduced 
between aromatic rings. In the case of biphenyl type linkages excellent therm al 
performance is  obtainable, but s t i l l  re ta in s  p rocessab ility  problems. Flexible 
linkages improve processab ility , but w ill reduce thermal s ta b il i ty . Those of 
most benefit in improving f le x ib ili ty  but with high tem perature property 
re ten tio n  include: -0 - , -S -, -S02- , -C0-, -C02- , CONH-, -CF2- , -C(CF3 )2- . The 
la t te r  group in p a rtic u la r  also o ffe rs  good m oisture re s is tan ce  po ten tia l.
Finally, consideration must be given to  ring  su b stitu en ts , which may well 
include reactive  cen tres fo r lin ea r polym erisation or cross-linking . Optimum 
thermal re s is tan ce  is  obtained from u tilis in g  only hydrogen atoms on the 
aromatic ring, which is  considered where reac tiv e  su b s titu en ts  a re  absent. 
Replacement of these hydrogen atoms with o ther groups leads to  a lo ss  of 
s ta b ility , which is  unavoidable in the case where reactiv e  su b s titu en ts  are 
required in the formation of m ulti-functional monomers. In th is  case the  loss 
of s ta b i l i ty  can be reduced by u tilis in g  su b s titu en ts  th a t reac t to  form 
therm ally s tab le  linkages, and also proceed to  maximum ex ten t of reaction , 
leaving the minimum of reactive  cen tres unreacted in the cured network. In the 
case of non-reactive su b stitu en ts , the poin ts made with regard to  backbone 
s ta b i l i ty  are equally applicable.
In a l l  the above points, a sing le  trend is  discernable; namely th a t any 
p rac tica l or th eo re tica l polymer backbone for high performance application  must 
co n stitu te  some form of compromise. Maximum thermal or therm o-oxidative 
s ta b i l i ty  can only be a tta in ed  a t some cost in terms of p rocessab ility , and, as 
described in succeeding sections, toughness of the cured matrix. I t  i s  the  task  
of any polymer s c ie n tis t  to  reduce th is  degree of compromise, making the trad e­
o ff between these th ree  fac to rs  as in s ig n ifican t as possible.
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1.6 High Performance M aterials
In the context of aerospace requirem ents, i t  is  u sefu l to  know what is  
required of a 'high performance' m aterial. To f u l f i l l  a ro le  as a s tru c tu ra l  
m ateria l the basic c r i te r ia  to  be met are th a t the m ateria l under consideration 
must display high s tren g th  with the maximum possible thermal and dimensional 
s ta b ility , but a t the same time a t minimum weight. I t  is  the advantage th a t 
composite m ateria ls  show over more tra d itio n a l m etallics with respec t to  th is  
f in a l c rite rio n  th a t has led to  the in tense in te re s t in, and development of 
composite m ateria ls  in the past twenty or so years.
The growing trend towards the use of composites is  i l lu s tr a te d  by the 
application of, and advantages gained from composite m aterials in aerospace 
s tru c tu re s . The most w ell known application of bis-maleimide <BMI> composites 
to  date is  the use of US Polymeries V378-A/T300 graphite  composite (described 
in Chapter 3) on the F16-XL m ilitary  a irc ra f t  in 1982c 1 e ‘4,:251 *, though th is  
application did not re s u lt  in commercialisation. A more successfu l application  
of BMI composites l ie s  with the AV8-B H arrier derivative, which contains approx. 
26% by weight advanced composite. Most of th is  weight is  epoxy based, but 
around lOOkG of the same V378-A BMI composite mentioned above is  a lso  used. 
The most s tr ik in g  use of composite m ateria ls for aerospace s tru c tu re s  is  
offered  by the proposed European F ighter A ircraft (EFA). EFA is  proposed to  
contain approx. 80% composite m aterials by weight, a vast increase over more 
tra d itio n a l usage, with s ig n ifican t advantages and obstacles.
The advantages of composite m ateria ls usage include considerable weight 
savings, which has some a ttra c t iv e  benefits  associated  with i t .  Whilst lower 
weight o ffe rs  higher speed and manoeuvrability, and g rea te r carrying p o ten tia l, 
i t  also requ ires le ss  power, and le ss  fu e l to  propel i t .  This places le s s  s tra in  
and fa tigue  on engine components, reduces fu e l costs, and reduces expensive 
engine maintenance requirem ents. The re su lt  of th is  can be i l lu s tra te d  by again 
considering EFA; the high proposed use of composite m ateria ls  r e s u lts  in EFA 
o ffering  considerable performance advantages re la tiv e  to  i t s  purchase and 
maintenance costs. These costs  are proposed to  be lower than fo r any 
competitive a irc ra f t  to  date, reversing  the previous trend of high performance 
only being availab le a t high cost.
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With modern supersonic a irc ra f t  g e ttin g  s tead ily  fa s te r  the tem perature 
demands imposed on composite m ateria ls  though become ever g rea te r . 93 °C is  
often considered to be the lower lim it for continuous use tem perature
requirem ents for c iv il a irc ra f t. In the case of supersonic c iv il transpo rt and 
m ilitary  fig h te r a irc ra f t  th is  requirement r is e s  to  around 180*C. The most
tem perature c r i t ic a l  a reas of a irc ra f t , such as engines, w ill have to  withstand 
tem peratures of 300 "C and above, w hilst the highest tem perature s ta b i l i ty  of 
a ll, in excess of 500 °C, is  demanded, a lb e it for short periods, in m issile  
applications. I t  was s ta ted  by Mc:KagueC2S1 th a t an a irc ra f t  fly ing a t Mach 2.0
and 80% re la tiv e  humidity (RH) would requ ire  a composite s tru c tu re  capable of
performing a t 127°C. I f  the speed is  increased to  Mach 2.2 a t 70% RH though, 
the use tem perature climbs to  149 °C.
The upshot of these tem perature requirem ents is  th a t i t  e ffec tiv e ly  ru le s  
out the use of the long estab lished  po lyesters and d ifunctional epoxies <b is -  
phenol-A diglycidylether, DGEBA based), for high performance applications. A 
number of excellent accounts of the development of re s in s  for high performance 
applications have been w ritten CG£,'7':?' >, meanwhile, a b rie f ou tline  of the  f ie ld  is  
presented here.
1.6.1 Resins for High Temperature Performance
1.6.1.1 Phenolic Resins
The f i r s t  c lass  of therm osetting re s in  to  find use in aerospace 
applications were the phenolics. Although based on long estab lished  and 
stra igh tfo rw ard  technology, phenolic re s in s  to  th is  day find app lications in 
a irc ra f t  in te r io r  f a b r ic a t io n 613 J, by v irtue  of the advantages they show over 
more recent re s in s  in terms of smoke and toxic v o la tile s  generation. A more 
recent development in the f ie ld  of phenolics over th a t of the  simple re so ls  and 
novo lacs, are phenol-aralkyl re s in s  obtained from the condensation of phenols 
with dimethoxy compounds<eso, figu re  1.6.1.1.a.
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Figure 1.6.1.1.a
Blends of these two types of phenolic re s in  show improvements in th e ir  long 
term property re ten tio n  a t elevated tem perature0  7S>. The disadvantages of 
phenolics however present major problems, the condensation type cure being the
fabricating  acceptable, void free  composites for which compression moulding is  
e ssen tia l. Finally, a prolonged post-cure in the region of 170*C is  necessary 
to obtain optimum properties, which is  undesirable in terms of processing 
expense.
1.6.1.2 Epoxy Resins
In Section 1.6 i t  was s ta ted  th a t d ifunctional epoxy re s in s  based on 
bisphenol-A -diglycidylether (DGEBA) do not show su ffic ie n t thermal performance 
to be classed as tru e  high performance m aterials. The case for the t r i -  and 
te tra -fu n c tio n a l epoxies is  considerably d iffe ren t, m ultifunctional epoxies have 
for a long time represented  the la rg e st re s in  class, and continue to  th is  day to 
be the most widely used re s in s  in the aerospace field . If  m ultifunctional 
epoxies remain the most widely used resin  type, then epoxies based on the 
combination of ^,iV -tetraglycidyl-4 ,4 ,-diaminodiphenylmethane (TGDDM) and 4 ,4 '-d i 
aminodiphenylsulphone (DDS) (figure 1.6.1.2.a) remain the most widely used epoxy 
re s in  system.
major drawback. With the evolution of v o la tile s  comes the problem of
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Figure 1.6.1.2,a
This p a rticu la r re s in  combination is  marketed by a number of supp liers, in 
forms from a highly viscous liquid  to  a sem i-solid  a t room tem perature, under a 
number of trade names, the most well known probably being MY720 (Ciba-Geigy) 
and Narmco 5208.
Aromatic diamines are almost exclusively u tilis e d  as cure agents fo r TGDDM 
type epoxies. The cure cycle for composites prepared from these re s in s  includes 
a s tep  a t 177‘C (350°F), hence the source of the well known ’350‘F epoxy’ label 
given to  th is  type of m aterial. The u ltim ate g lass  tra n s itio n  tem perature 
a tta in ab le  with standard cure plus a 190-200*C post cure for these system s is  in 
the region of 240°C<:ie'7\
An a lte rn a tiv e  cure agent for TGDDM is  the la te n t c ry s ta llin e  hardener, 
dicyandiamide (Dicy) (figure 1.6.1.2.b).
n h 2
H2N — C = N — C = N
F igu re  1.6 .1 .2 .b
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This compound o ffe rs  a usefu l advantage in terms of extended s h e lf - l ife , 
however th is  advantage is  o ffse t by a lower a tta in ab le  Tg of approx. 210 °C.
The other commercially successfu l te tra fu n c tio n a l epoxy re s in  system is  
based on a te tra fu n c tio n a l epoxy novolac (figure  1.6.1.2.c), and is  usually  used 
in combination with an a lipha tic  diamine curing agent.
Marketed under a number of trade  names, the most well known of which is  
probably Shell Epikote 155, th is  re s in  system typ ically  gives a Tg ju s t in 
excess of 180*0.
T rifunctional epoxy re s in  systems are  le ss  commonly encountered in open 
l i te ra tu re , a su rp ris in g  fac t as they are commonly u tilis e d  as m odifiers in the 
form ulation of epoxy blends with te tra fu n c tio n a l epoxies in adhesives and blend 
system s^-0 '* 1' 1305. The most common tr ifu n c tio n a l epoxies are Ciba-Geigy 0510 
and Dow XD-7342.02, which are  triglycidyl-jo-aminophenol (TGPAP) (figure
1.6.1.2.d), and a triepoxynovolak (TEN) respectively .
Figure 1.6.1.2.C
0
0
F ig u re  1.6.1.2.d
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The major advantages of TGPAP are f i r s t ly  i t s  low viscosity , making i t  
valuable as a reactiv e  d iluent in resin  formulation, and i t s  high reac tiv ity . 
The la t te r  property is  due to  reduced s te r ic  hindrance in comparison with i t s  
te tra fu n c tio n a l analogs, and leads to  high Tg m atrices when cured with a 
standard DDS type diamine. In te resting ly , i t s  major drawback is  th is  same 
enhanced reac tiv ity , which coupled with the au to ca ta ly tic  na tu re  of i t s  cure 
process leads to  d iff icu lty  in contro lling  the cure of blends containing high 
proportions of TGPAP. TEN res in s  do not display th is  problem of re ac tiv ity , and 
in tu rn  develop cured m atrices of high cross-link  density, and correspondingly 
excellent high tem perature p roperties  compared to  standard epoxies (Tg in 
excess of 300*C<S3>.
One of the disadvantages of most epoxy re s in  systems is  th e ir  inherent 
tendency for high water absorption. This has, among other de le terio u s  e ffe c ts , 
a p la s tic is in g  e ffec t on the cured matrix, leading to  a suppression of Tg by as 
much as 50 *C when compared to  the corresponding dry performance. A recent 
attem pt to  o ffse t th is  disadvantageous property was presented by S aito  et 
ajc isjco ^ e  form of a tr ifu n c tio n a l epoxy based triphenylmethane (figure
1.6.1.2.e). This re s in  shows a low viscosity , a cured Tg of 260 *C and most
importantly, improved m oisture resistance.
F igu re  1 .6.1.2.e
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The estab lished  popularity and widespread use of epoxy based re s in s  over 
the past twenty years or so p resen ts an in te re s tin g  legacy for the development 
of a lte rn a tiv e  re s in s  for demanding applications. The cap ita l costs  involved in 
the in s ta lla tio n  of resin  processing and curing apparatus would be prohib itive 
i f  each new res in  required a unique handling regime. Hence, because of the long 
estab lished  dominance of epoxy type resins, and the widespread use of apparatus 
su itab le  for epoxy handling, i t  is  a c rite rio n  for a ll  subsequent therrooset 
systems investigated  as replacements for epoxies th a t th e ir  cure behaviour and 
processing c h a rac te ris tic s  be as close as possible to  those of epoxies, thereby 
enabling the use of ex isting  fab rica tion  equipment, and reducing cap ita l 
expenditure.
1.6.1.3 Polyimides
From the previous section  i t  is  c lear th a t epoxy based systems appear to  
have reached th e ir  ultim ate Tg, which, especially  in the case of hot/w et Tg is  
not su ffic ie n t for the most demanding of applications in the aerospace fie ld . 
Specifically  aimed a t improving on th is  s h o r tfa ll  in environmental performance, 
major research e ffo r ts  have been concentrated on the polyimide fie ld  over the 
past few years. Such is  the in te re s t in th is  comparatively new area of 
research  th a t a number of excellent books have already been published covering 
the whole range of polyimide re s in  applications. This is  in con trast with the 
open li te ra tu re , where most of the published work has appeared as paten t 
applications, a re flec tio n  of the importance associated  with the fie ld  as a 
whole.
Anything more than a b rie f ou tline  of the polyimide f ie ld  is  beyond the 
scope of th is  thesis , su ffice  to  say th a t a b rie f  in troduction w ill be given to  
the general fie ld , with more important aspects described in g rea te r d e ta i l  in 
subsequent sections. For a fu lle r  overview of polyimide chemistry and 
app lications the reader is  d irected  to  work by other authors*2®1 \
Polyimides can be separated in to  th ree  main classes, addition, condensation 
and therm oplastic, of which only addition polyimides can tru ly  be c lassed  as 
therm osets. Both addition and condensation polyimides w ill yield cured m atrices
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for composites capable of operating a t tem peratures in excess of 250 °C, hence 
the considerable current in te re s t in the polyimide fie ld . These two c lasses of 
compound are considered in more d e ta il  below.
The common fea tu re  of a l l  polyimides is  th a t they contain the  imide 
linkage in th e ir  backbone, th is  is  usually derived from the addition reaction  of 
a diamine with a d i-  and a monoanhydride to  yield an interm ediate poI/Camic 
acid), followed by thermal or chemical cyclisation  to  y ield  the imide s tru c tu re . 
Varying the stoichiom etry of these th ree  reactan ts , and the means by which the 
cyclisation  process is  achieved, leads to  the vast range of possible polyimide 
s tru c tu re s . This is  i l lu s tra te d  for the general case in figure  1.6.1.3.a:
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If  the ra tio  of d i-  to monoanhydride is  varied then so is  the length of 
the imide backbone. For example, i f  there  is  no dianhydride present then a very 
sh o rt backbone containing two imide links is  achieved, As the re la tiv e  quantity  
of dianhydride is  increased, then the number of imide linkages and hence the 
length of the backbone can also be seen to  increase.
Addition polyimides are definedc 15 as "low molecular weight, a t le a s t 
d ifunctional monomers or prepolymers, or m ixtures thereof, which carry imide 
m oieties in th e ir  backbone s tru c tu re . Such m ateria ls are  term inated by reactive  
groups which undergo homo- and/or co-polymerisation by thermal or c a ta ly tic  
means". The most obvious d ifferences from condensation polyimides is  th a t the 
backbone is  sh o rte r for easy processing, and as the polyimide is  iso la ted  with 
reac tiv e  end-caps, cross-linking  proceeds via addition processes as opposed to  
the s tra igh tforw ard  condensation via the poly-(amic acid) to  yield a high 
molecular weight polymer. The most commonly encountered of these reactive  
term inal groups are acetylenic, norbornene and maleimide, i l lu s tra te d  
respectively  in figure  1.6.1.3.b below:
0 0 0
0 0 0
Figure 1.6.1.3.b
By fa r  the most successfu l of these are the Ms-maleimides, which, as they 
co n stitu te  a major in te re s t within th is  work, are considered alone in Chapter 3.
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As the name suggests, acetylenic term inated polyimides are end-capped, 
with reactive  ethynyl groups. The chemical basis for such an end-capper is  
qu ite  stra ightforw ard , based on the a b ility  of ethynylbenzene to  undergo 
cyclo trim erisation  to  form triphenylbenzene. Following on from work on 
acetylene term inated poly-phenylenes*®25 by Cessna and Jabloner, Landis e t al 
synthesised acetylene term inated polyimides in 1975<:144>, using a 
s tra igh tfo rw ard  rou te  from benzophenone te tracarboxylic  acid dianhydride, 1,3- 
Ms-(2-aminophenoxy)benzene and 3-ethynylaniline, to  give a polyimide of the 
type i l lu s tra te d  in figure I.6.I.3.C.
ii
C
iic c C — CH
N N
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cII cII
0
Figure 1.6.1.3.C
I t  was only discovered la te r  th a t cure does not proceed by trim erisa tio n  
alone. Hergenrother e t a lc 1 1 1 ? postulated  a more complex rou te  th a t did not 
involve trim erisa tion  as the major cure process. Hergenrother a lso  suggested 
syn thesis  of acetylene term inated polyimides using 4-ethynylphthalic anhydride 
as the reactive  end- capper *112 ?, re su ltin g  in a s tru c tu re  not too d issim ilar 
from th a t of Landis e t al (figure  1.6.1.3.d).
F ig u re  1.6.1.3.d
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These sim ilar s tru c tu re s  re su lt  in polyimides with qu ite  sim ilar p roperties, 
which is  not unduly su rp ris ing  when one considers th a t the backbones contain 
id en tica l repeat un its , and cross-link ing  can be assumed to  proceed via very 
sim ilar, i f  not id en tica l routes.
One of the drawbacks of polyimides as a whole are  problems with th e ir  
p rocessab ility , hence qu ite  considerable e ffo r t has been expended on improving 
flow and so lub ility . Perhaps the most in te re s tin g  approach to  th is  problem was 
a lso  presented by Landis'11 Ar-°. Carrying out the cyclodehydration s tep  using 
dicyclohexylcarbodiimide re s u lts  in near q u an tita tiv e  conversion to the isoimide, 
shown in figure 1.6.1.3.e.
HC =  C
A r -
C
C
C =  CH
Figure 1.6.1.3. e
This isoiraide is  claimed to  show improvements in flow and so lu b ility  over i t s  
imidic analog. When heated to  the necessary cure tem perature, the isoimide 
spontaneously rearranges to the aforementioned imideC3° 3, re su ltin g  in a cured 
polymer with near id en tica l thermal p roperties  to  th a t prepared by the 
conventional route.
Norbomene End-capped polyimides present another in te re s tin g  rou te  to 
cross-linked  addition polyimides. The concept da tes from the la te  1960's when 
Lubowitz (for TRW Inc.) u til is e d  norbornene (nadimide) end-caps on low molecular 
weight amide-acid prepolymers. These were f o u n d > to  undergo thermal 
polym erisation in the range 280-350 °C to  yield therm ally s tab le  crosslinked 
polyimides. This concept was subsequently commercialised as a so lu tion  of the
-  31 -
polyamide-acid in dimethylformamide CDMF) by Ciba-Geigy as P13Nce3:’, but fa iled  
to  achieve commercial popularity.
The cure mechanism was also  proposed by Lubowitz e t a l*151*, who 
speculated th a t polym erisation is  preceeded by a reverse D iels-A lder process, 
yielding cyclopentadiene and maleimide. The maleimide thus generated can then 
undergo homo-polymerisation or co-reaction with the cyclopentadiene (figure
1.6.1.3.f). Thermal decomposition of the nadimide endgroups must occur before 
polymerisation can proceed. Whilst a g rea t deal of e ffo r t has been expended on 
understanding the cure processes of nadimide term inated polyimides, the precise 
mechanism is  s t i l l  poorly understood. One problem seems to  be an apparent 
change of mechanism, depending on whether reaction  occurs in a ir  or under 
n it r  ogen *255 *.
0 0
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F igu re  1 .6 .1 .3 .f
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The most successfu l application of norbornene end-capped polyimides comes 
under the curiously named “Polymerisation of Monomeric Reagents" (PMR) 
principle, developed by NASA Lewis Research Centre*1 The PMR concept is
unusual in two respects, the monomeric reagents are  not tru ly  polymerised, but 
instead undergo an in s i tu  condensation reaction  to  form a nadimide end-capped 
imide prepolymer, which on completion of the condensation process cures to  a 
cross-linked network. However unusual the designation of th is  c lass  of 
polyimide, th is  syn thetic  rou te  is  successfu l in overcoming problems associated  
with more c la ss ica l imide prepolymers.
The PMR technique u t i l is e s  carboxylic acid e s te rs  in place of the
dianhydride, which prevents the formation of prepolymers a t room tem perature. A 
d ia lky leste r of an aromatic te tracarboxy lic  acid, an aromatic diamine and a 
monoalky le s t  e r of 5-norbornene-2,3-dicarboxylic acid are dissolved in a low 
alcohol solvent and used to  impregnate the fib re /fab ric  support. When the 
solvent is  removed a weave of pre-im pregnated fib res  (a prepreg) i s  formed, 
containing the unreacted monomers. This system is  then heated to  150-200°C,
whereby a condensation process occurs, forming a low molecular weight
norbornene end-capped prepolymer. F inal cure i s  achieved a t 280-330°C via the 
reverse Diels-Alder mechanism previously described.
Clearly a wide varie ty  of backbone s tru c tu re s  are possible, and th ese  w ill 
influence the c h a rac te ris tic s  of the cured network. The most promising 
combination has been successfu lly  marketed as PMR-15, consisting  of the
dim ethylester of S jS '^^ '-benzophenonetetracarboxylic acid, 4,4'-m ethylene 
d ianiline  and the monomethyl e s te r  of 5-norbornene-2,3-dicarboxylic acid in the 
molar ra tio  (2.087:3.087:2), corresponding to  a prepolymer formulated molecular 
weight of 1500. The PMR concept is  i l lu s tra te d  using th is  PMR-15 system in 
figure  1.6.1.3.g. overleaf:
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PMR polyimides show very desirab le  therm o-oxidative s ta b ility , with long 
term use tem peratures in the range 250-300 ®C, w hilst re ta in ing  advantages in 
p rocessab ility  over o ther polyimides, fa c to rs  which have helped to  make them a 
good commercial proposition. The major problems associated  with th is  approach 
seem to  be threefold. Retention of impregnating solvent in the prepreg can lead 
to  preoligom erisation, and hence unacceptably short s to rage l ife , with
consequent problems in prepreg batch consistency. Attempts to  overcome th is  
have led to  various re s in  m odifications, notably the production of a so lven t-
free  PMR, LARC-160 developed by St C lair e t al, a lso  a t NASA Langley'2103, but
th is  in turn  leads to  in fe rio r  therm al performance.
Processability  is  an ever present obstacle. In the case of PMR m ateria ls  
th is  can be improved by the addition of ^phenylnadim ide to  the  precursor
s o lu t io n '17"633. R elatively small amounts of /if-phenylnadiraide give a marked 
improvement in flow properties, without any degradation of thermal performance 
in the cured polyimide.
The f in a l problem is  a tendency for PMR composites to  develop microcracks 
on thermal cycling. This problem certa in ly  a r is e s  from the  high cure
tem peratures inducing therm al s tre s s e s  within the composite, a so lu tion  to  which 
would be a reduced cure tem perature, th is  must be considered carefu lly  though 
as in su ffic ien t cure diminishes thermo-mechanical performance. S e ra fin i e t al 
in i t ia l ly  investigated  the incorporation of a lte rn a tiv e  reactive  en d -c ap s '19S3.
Unfortunately, the incorporation of th e ir  proposals led to  fu r th e r  problems, 
in i t ia l ly  reduced thermal performance followed by p rocessab ility  problems as a 
re s u lt  of attem pts to  overcome the former. Despite the aformentioned problems, 
the PMR concept does appear to  be a commercially viable a lte rn a tiv e .
The maleimide, acetylene and norbornene term inated polyimides rep resen t by 
fa r the bulk of th is  wide field . A number of o ther end-caps are however worth
mentioning to  i l lu s t r a te  the ex tent to  which research has developed in the
polyimide field .
Benzocyclobutene term inated polyimides u t i l is e  4-aminobenzocyclobutene as 
a reactive  end-capc232  ^ by reaction  with the usual dianhydride, (figure
1.6.1.3.h).
N
0 0
I— Ar — N
0 0
Figure 1.6.1.3.h
On heating, the four membered ring  undergoes ring opening0735 , generating o- 
xylylene which subsequently undergoes homo-polymerisation. As is  the case for 
norbornene end-caps, the precise  cross-link ing  reaction  with benzocyclobutenes 
is  not fu lly  understood, though suggestions have been made<7e>. Suffice to  say, 
benzocyclobutene term inated polyimides generate  cross-linked networks which 
display good thermal s ta b i l i ty  in the 200-300 *C range, coupled with very low 
moisture absorbance without v o la tile  generation or the need fo r cure ca ta ly s ts .
The other end-capping approach worth mentioning is  th a t of
Allylnadicimides. This is  a very new area of in te re s t, with only one repo rt to
date in the l i te r a tu re <S75(figure 1.6.1.3.i).
A r N ■Ar-
F ig u re  1 .6 .1 .3 .i
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The s im ila rity  to  the norbornene end-capped polyimides provides promise for
po ten tia l fu tu re  development, with the a lly l  func tiona lity  being a ttra c t iv e  as a 
possible rou te  for co-polymerisation with o ther reactan ts .
1.7 Introduction to  In te rp en e tra tin g  Networks
The discussion thus fa r has been lim ited  to  homo-polymer considerations, 
and simple reactive  blends. However a very in te re s tin g  form of polymer blending 
is  yet to  be considered, th a t of In te rp en e tra tin g  Neworks (IPNs), around which a 
major portion of th is  work has been centered. Sperling*2035 defined an
in te rp en e tra tin g  polymer network, as "a combination of two polymers in network 
form, a t le a s t one of which is  synthesised and/or cross-linked in the immediate 
presence of the other.". This general de fin itio n  covers a range o f possible 
types of IPN, each closely re la ted  to  the sim pler blend, g ra f t and block co­
polymers, but sub tly  d iffe ren t from these and from o ther IPN types.
A fu ll  IPN, also  termed a sequen tia l IPN, is  formed when an in it ia l ly  
cross-linked polymer is  swollen by d isso lu tion  in a second monomer. This second 
monomer is  i t s e l f  cross-linked to  form two intim ately  mixed cross-linked  
networks, but without any chemical attachm ents between networks. This f in a l 
product is  e ssen tia lly  sim ilar to  th a t obtained by the sim ultaneous IPN (SIPN) 
route. In th is  case two non-compatible monomers are mixed/blended, and 
sim ultaneously cross-linked by d iffe ren t rou tes. The products of these  two 
ro u tes  show distingu ishab le  compositions, even in the case where the same 
polymer p a irs  are reacted.
A d iffe ren t case is  th a t of semi-IPNs, in which only one component is  
crosslinked, the o ther being a continuous lin ea r phase. A numerical designation 
is  used to  d istingu ish  which phase is  c ross-linked  and which is  linear. Hence a 
semi-l-IPN describes an IPN in which the f i r s t  phase is  cross-linked , then 
swollen in the second monomer, which is  cured to  a linear polymer. Likewise, a 
semi-2-IPN describes the analogous case where the second phase is  cross-linked
in the presence of a lin ea r polymer phase.
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IPNs o ffe r an a lte rn a tiv e  rou te  to  improved polymer p roperties  than th a t 
described previously for simpler co-polymers. The princip les are much the same, 
the combination of two or more polymers to  achieve a sy n erg istic  improvement in 
properties. The obvious d ifference between the two approaches is  tha t simple 
co-polymerisation requ ires  th a t the monomers be compatible, ie  th a t they must 
be able to  co-react. IPNs do not requ ire  th is  constra in t, the reverse being 
true , with the requirement being th a t the components are  generally  incompatible, 
polymerising by d iffe ren t rou tes to  form d isc re te  networks. The advantage th a t 
th is  o ffe rs  is  th a t by using non-compatible polymers a varie ty  of in te re s tin g  
p roperties  can be achieved.
In a sim ilar manner to  th a t u tilis e d  in co-polymer networks i t  is  p lausib le  
th a t high tem perature therm osets, with th e ir  inherent b rittlen e ss , can be 
toughened by incorporation with a tough, therm oplastic phase. Combination of 
two or more such m ateria ls  a ffo rds a unique m ateria l with high stren g th  and 
toughness re la tiv e  to  o ther therm osets, and improved thermal re s is tan ce  and 
processab ility  compared with regu lar therm oplastics. Blends containing cyanate 
ester'-^ '520 and BMI02603 components have already been described in the 
lite ra tu re , o ffering  usefu l improvements in p roperties. The f ie ld  of blends and 
IPNs is  discussed in g re a te r  d e ta il  in subsequent chapters.
1.8 Scope o f  th is  Work
Fis-raaleimides and cyanates are  two incompatible thermoset systems, with 
d iffe rin g  properties, which o ffe r in te re s tin g  p o ss ib il it ie s  as IPN components. 
Bis-maleimides o ffe r h'igh thermal s ta b ility , but poor frac tu re  toughness,
cyanates a lower therm al performance but po ten tia lly  improved frac tu re
properties. In princip le i t  is  p lausib le to  combine such networks to  form an 
in te rp en etra tin g  network consisting  of two thermoset components, thereby
re ta in ing  the excellen t thermal performance shown by each, but with an
improvement in frac tu re  toughness and possibly m oisture absorbance re la tiv e  to  
common bis-iooledinjdes.
A commercial BMI, (Compimide 353, Technochemie GMBH, Dossenheim, Germany) 
and a commercial cyanate resin  (B-30, Hi-Tek, Kentucky, USA) o ffe r  su itab le
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re s in s  for such an investigation . This work describes the background and 
p rac tise  of the combination of these two components both as IPNs and more 
sp ec ifica lly  as a 'modified IPN', e ssen tia lly  a graft-copolym er, formed by the 
incorporation of a th ird  reactive  component, a functionalised  cyanate e s te r. The 
aim of the work was to  syn thesise  a su itab ly  reactiv e  functionalised cyanate, 
th is  functionalised cyanate would then be combined with the commercial res in  
systems described, and the varia tions of observed p roperties of such blends 
investigated  as blend stoichiom etry was a lte red . In order to  achieve th is , the 
work is  best considered in two parts , one concerned with the background 
development of a su itab le  functionalised  modifier, the second with the spec ific  
synthesis and analysis of the functionalised cyanate and i t s  co-polymer 
networks. Elsewhere in th is  th e s is  these two aspects are considered together, 
here however i t  is  convenient to  separa te  both aspects and describe each 
briefly .
1.8.1 Investigation  o f Toughening M odifiers for Bis-Male±mides
Before embarking on the syn thesis of functionalised  cyanate e s te rs  as 
toughening m odifiers for bis-maleimide/cyanate co-polymer systems, i t  was 
considered necessary to  obtain some inform ation with regard to  the re la tiv e  
rea c tiv ity  of functionalised m odifiers in such systems. The use of 
functionalised m odifiers in the toughening of BMI system s has been a subject of 
general in te re s t for some time, with a large number of references appearing in 
the l i te ra tu re , these are  discussed in d e ta i l  in subsequent chapters.
1.8.1.1. Maleimide/Modifier R eactivity Studies
The major in te re s t  in th is  work is  centered around the improvement of b is -  
maleiraide/cyanate e s te r  co-polymer m atrices by addition of a th ird  component, a 
functionalised aromatic cyanate. In order to  a ssess  the fe a s ib il ity  of th is  
concept a study of the re la tiv e  re a c tiv i t ie s  of propenyl and a lly l functionalised  
compounds with maleimides was conducted using D iffe ren tia l Scanning Calorimetry 
©SC). Compounds examined during th is  study include a novel a lly l  
functionalised modifier and a number of commercial functionalised m odifiers, as
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well as a number of model compounds. In addition, the e ffe c t of a s e r ie s  of 
p lausib le ca ta ly s ts  was a lso  examined. This study is  explained in fu l l  d e ta il in 
Chapter 2, the re s u lts  tabu lated  in Chapter 6 being u sefu l in explaining the 
p o ten tia l for the two compounds investigated  in the main research, which is  
described below.
1.8.2 Functionalised Cyanate E sters
The main crux of th is  work covers the synthesis, and subsequent analysis 
of a su itab ly  functionalised  cyanate e s te r  as a th ird , prospective toughening 
component, in a cyanate/bis-m aleim ide system, the p recise natu re  of th is  
component being dependent on the re s u lts  obtained in the above re a c tiv ity  study. 
The analysis programme was conducted on su itab ly  fabricated  carbon fib re  
reinforced composites, and is  described in d e ta il in Chapters 5 and 6.
Two o lefin  functionalised  cyanate e s te rs  were investigated  as su itab le  co­
polymers for the proposed cyanate/bis-m aleim ide system. These were the 3 -a lly l  
and 3-propenyl su b s titu ted  bis-cyanates i l lu s tra te d  below:
NCO R OCN
3 -a lly l cyanate
NCO R OCN
3-propenyl cyanate
F ig u re  1.8.2.a
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R may be any bridging group su itab le  for high tem perature application, indeed, 
the  p roperties  of such a compound may be influenced d irec tly  by the 
incorporation of su itab le  bridging group <s> as described e a r lie r  in th is  chapter.
For the composite s tu d ies  the simple bis-phenol-A type propane bridging 
moiety was u tilise d . Other bridging groups were investigated  during the study, 
of which the syn thesis  of a sulphone bridged, and a hexafluoropropane bridged 
bis-cyanate are described. These two functionalised cyanates were synthesised 
in  q u an titie s  su ff ic ie n t to undertake a de tailed  investigation  of the therm al 
and room tem perature mechanical p roperties  of carbon fib re  reinforced 
composites. These were fabricated  using the previously described commercial 
bis-maleimide and cyanate e s te r, and these two p o ten tia l co-polymers. The aim 
of such a study was to  in v estig a te  the app licab ility  of such systems, and i f  
su itab le , to  ’ta i lo r ' the th ree  component system to achieve maximum properties.
In th is  work the emphasis lay firmly on an investigation  of the propenyl 
functionalised  cyanate, with te s t s  only being conducted on the a lly l  
functionalised cyanate for comparative purposes. The reason for th is  decision 
was th a t the a lly l functionalised  cyanates have already been mentioned in the 
l i te r a tu r e c 1 °'7' 17"1 ?, although a fu ll  investigation  of th is  compound as a 
p o ten tia l s tru c tu ra l  m aterial has not been conducted, the propenyl cyanate 
however is  a novel m aterial. Work conducted in the production of th is  th e s is  
suggests th a t such a compound shows enhanced re a c tiv ity  over i t s  a lly l  
functionalised isomer, and th a t as the th ird  component in the ter-polym er system 
i t  imparts a marked improvement in the toughness of BMI based composite 
s tru c tu re s , with a minimal loss of thermal performance.
This c lass of propenyl functionalised  cyanate i s  considered to  o ffe r  a 
novel and benefic ia l addition to  the current f ie ld  of toughened, high 
performance m aterials. As such, i t  i s  now covered by a B ritish  Patent 
Applicationc1 ® \
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Chapter 2
Experimental
- 4 2 -
2.1 Reagents and Solvents
B is - (4-Maleimidophenyl>methane (DDM-BMI) was obtained from Aldrich as a 
95% pure compound. Before use, th is  so lid  was purified  by passing through a 
n eu tra l Brockman GP1 alumina column as a so lu tion  in dichloromethane using a 
dichloromethane eluent. Subsequent to  iso la tion , th is  was re c ry s ta llise d  from 
butan-2-one to  y ield the m icroanalytically  pure compound required.
2-Propenylphenol (Aldrich, 98%), was separated in to  i t s  respective  isomers 
by passing a 50% soln. (chloroform) through an activated  s il ic a  (60-120 mesh) 
column, using chloroform also  as the e lu tin g  solvent. By TLC, th is  was found to  
yield th ree  frac tions, id en tifiab le  by 1H NMR, one e ssen tia lly  pure trans-2-  
propenyl phenol, one an e sse n tia lly  50:50 c is - / tr a n s -  isomeric mixture, the  f in a l 
frac tion  being the 2-allylphenol, present as an impurity from the commercial 
m aterial.
B is - (4-hydroxyphenyl)methane (Aldrich, 97%) was re c ry s ta llise d  from aqueous 
ethanol, dissolved in dichloromethane, and dried over anhydrous MgS0A, yielding 
the m icroanalytically pure bis-phenol. £?is-(4-hydroxyphenyl)sulphone and b is -  
2,2*-(4-hydroxyphenyl)hexafluoropropane were commercial samples supplied by my 
predecessor, Dr I.Hamerton, for which I am g ra te fu l, and were used as received.
Cyanogen bromide (97%), hydroquinone (99%), potassium hydroxide (85+%), 
maleic anhydride (99%), sodium ace ta te  (99%), sodium hydroxide (97+%), 
tetramethylammonium bromide (98%) and trichlorobenzene (99%) were a l l  obtained 
from Aldrich and used as received. Allylbromide (99%) and allylam ine (98%) were 
sto red  in dark b o ttle s  over 4A  molecular sieve, but were otherw ise used as 
received.
S ilica  ge l (60-120 mesh), alumina (neutral brockman GP1) and anhydrous 
magnesium sulphate (a ll Aldrich) were a l l  rigorously  dried a t 120 "C fo r a t le a s t 
2 days p rior to  ■ use. Aniline, N,7V-dimethylformamide, dimethyl sulphoxide and 
triethylam ine were a l l  fresh ly  d is ti l le d  and sto red  over 4A  molecular sieve 
p rio r to  use, as was acetone used for cyanation procedures. All o ther so lven ts 
and reagents were of analy tica l grade for synthesis, or reagent grade fo r re s in  
impregnation, and were used as received.
- 4 3 -
2.2 Analysis o f  Monomeric Compounds and Interm ediates
2.2.1 Infrared Spectroscopy
Infrared spectroscopy (IR> is  used almost un iversally  in the 
charac te risa tion  o f organic compounds, by v irtu e  of the fac t th a t each organic 
compound w ill display a c h a rac te ris tic  s e r ie s  of absorption bands, dependent on 
the s tru c tu ra l fe a tu re s  present in the molecule. This co llection  of d isc re te  
absorptions comprise a unique spectrum, c h a rac te ris tic  of the  compound or 
compounds under analysis, and from which they can be iden tified .
Fourier transform  IR spectroscopy, as u til is e d  in th is  work, d if fe rs  from 
c lass ic  d ispersive spectroscopy in th a t i t  employs a scanning Michelson 
in terferom eter to  produce data in the form of an interferogram , which can be 
tran s la ted  in to  a useable spectrum via the mathematical process of Fourier 
T r a n s f o r m a t i o n s 3 \  This technique o ffe rs  a number of s ig n ific an t 
advantages over d ispersive methods, including a superio r s ig n a l-to -n o ise  ra tio  
and speed and ease of use (via computer control).
For th is  work, analyses were conducted on a Perkin-Elmer 1750 FT-IR 
spectrom eter, in terfaced  with a Perkin-Elmer 7300 computer. Sample p resen ta tion  
was as a th in  film between NaCl p la tes  for liquid  or resinous samples, or by 
dispersion in to  finely  ground KBr to  form a disc in the  case of so lid  samples.
2.2.2 Nuclear Magnetic Resonance Spectroscopy
Nuclear Magnetic Resonance Spectroscopy (NMR), is  the most u se fu l 
spectroscopic technique available for s tru c tu re  elucidation, e ffe c tiv e ly  
providing a 'map' of the carbon-hydrogen framework of an organic molecule. As 
i t s  basis NMR spectroscopy u ti l is e s  the a b ility  of certa in  nuc lei to  absorb 
radio-frequency energy (resonate), when oriented in an applied magnetic fie ld . 
Due to  the widespread use of NMR spectroscopy in organic s tru c tu re  e lucidation  
i t  is  not necessary to  d iscuss th is  method fu rther, most standard te x ts  contain 
qu ite  adequate treatm ents. I t  is  su ffic ien t to  note a t th is  point th a t ’H, 13C,
1SN and 1 *F are a l l  detectab le  by NMR, whereas 1 and 1 e0 a re  not.
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2.2.3 Princip les o f  D ifferen tia l Scanning Calorimetry ce?,>
D ifferen tia l scanning calorim etry <DSC> is  the most widely used thermal 
analysis technique. In th is  technique, the sample and the reference are  subject 
to  a programmed tem perature varia tion . As thermal tran s itio n s  occur within the 
sample, due to  chemical or physical processes absorbing or lib e ra tin g  heat 
energy, thermal energy is  supplied to  e ith e r sample or reference in order to  
maintain each a t the same tem perature. The energy tran sfe rred  in th is  
balancing process is  exactly  equivalent to  th a t evolved or absorbed in the 
tran s itio n  process, hence the balancing energy is  a d irec t calorim etric  measure 
of the tra n s itio n  enthalpy.
2.2.3.1 DSC Instrumentation
Typically, a DSC c e ll comprises a constantan (Cu-Ni> disc for tra n s fe r  of 
heat to  the sample and reference points, and also as one element of the 
thermocouple fo r tem perature measurement. Both sample and reference  are 
contained in separa te  aluminium pans which re s t  on ra ised  platform s on th is  
constantan disc. The d if fe re n tia l  heat flow to  the sample and reference pans is  
accurately  monitored by means of chromel/constantan thermocouples formed a t the 
junction of the constantan disc and a chromel wafer coating on the underside of 
each platform. Chromel and alumel wires connected to  the underside of these  
wafers form a chromel/alumel thermocouple, which serves to  d irec tly  monitor 
the sample tem perature. A cross sec tiona l view of a typ ical DSC c e ll  (Du Pont 
Instrum ents) is  shown in figu re  2.2.3.1.a.
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Figure 2.2.3.1.a
2.2.3.2 DSC Methodology
Samples for DSC are  presented in aluminium pans, which may be e ith e r  open 
or herm etically sealed, sample s izes  ranging between 0.1 and lOOmg. The 
reference is  an iden tical, but empty aluminium pan to  th a t used for the sample.
If  both sample and reference were iden tical, then a tem perature programmed 
DSC analysis would yield a scan with a f la t  baseline, showing no deviation  in 
heat flow, exo- or endothermic with increasing tem perature as the  energy 
supplied to  each pan is  equal a t a l l  times. In the general case however, the 
sample w ill undergo thermal or chemical tran s itio n s , which w ill be observed as
deviations from the baseline as the sample tem perature varies from th a t of the
re f  erence.
In the case of an endothermic tra n s itio n  the sample tem perature lags 
behind tha t of the reference, hence e le c tr ic a l  energy is  supplied to  the sample 
to  red ress the balance, and th is  is  then observed as a deviation from the 
baseline. These endothermic tra n s itio n s  generally  correspond to  physical, as 
opposed to  chemical processes. Meanwhile exothermic tra n s itio n s  generally  
correspond to a decrease in enthalpy of a p a rticu la r phase or chemical system,
and are  generally indicative of chemical tran s itio n s . This general behaviour is
described in more d e ta il below.
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Figure 2.2.3.2.a
A typical DSC trace  is  i l lu s tra te d  in figure 2.2.3.2.a, exothermic
tra n s itio n s  being shown above, and endothermic tran s itio n s  below the baseline. 
The heat capacity a t any point is  proportional to  i t s  displacement from the
baseline. Broad endotherms are  ind icative of a slow change in heat capacity,
and may correspond to  a second order or g lass  tran s itio n , observable as a 
baseline s h if t  (a) due to  a decrease in order of the system. Broad endotherms, 
such as tha t a t point (b) may correspond to  a number of possible tra n s itio n s , 
the most common being a melt tran s itio n , but dehydration or o ther tem perature- 
dependent phase tra n s itio n s  are possible. Sharp endotherms (c) a re  generally
a ttr ib u ta b le  to  processes only observed in pure m aterials, such as c ry s ta llin e  
rearrangem ents, fusions or so lid  s ta te  tran s itio n s . Broad exotherms <d) usually  
account for the major part of any thermogram, these  w ill correspond to  chemical 
reactions; curing or polymerisation. I t  is  often the case th a t a broad exotherm 
may consist of a number of sm aller exotherms, each corresponding to  a 
p a rtic u la r  process occur ing in the same tem perature range, and thus 
superimposed to  form a complex thermogram. Narrow exotherms <e) ind icate  
c ry s ta llisa tio n  of a m etastable system, or annealing processes.
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2.3 Synthesis
2.3.1 Synthesis o f Jtf-Phenylmaleimlde
\
N
0
AHPhenylmaleimide was prepared by the method described by Warner<243:i, 
i t s e l f  being a modification of the technique of S earle0 '320. A 500ml th ree ­
necked round bottomed flask, f i t te d  with thermometer, condenser, overhead 
s t i r r e r ,  p ressure  equalised dropping funnel and nitrogen in le t /o u tle t  was 
charged with maleic anhydride (49,03g, 0.5mol>, and dimethylformamide (110ml), 
and the maleic anhydride dissolved by s tir r in g .
The reaction  vessel was chilled  to  0-5 °C by means of an ice bath and 
purged with nitrogen, a steady flow of n itrogen being maintained fo r the 
remainder of the experiment. Aniline (46.50g, 0.5mol) was added dropwise from 
the funnel, such th a t the tem perature of the flask  was maintained below 15°C. 
Once addition was complete the flask  was allowed to  warm to  room tem perature 
and s t ir re d  under n itrogen for 60 minutes.
Sodium ace ta te  <16.67g>, ace tic  anhydride (76.57g, 0.75mol) and fu r th e r 
dimethylformamide (100ml) were added to  the reaction  flask, the apparatus was 
again flushed with nitrogen and the reaction  so lu tion  heated a t 55 °C under 
nitrogen, with constant s t i r r in g  for 60 minutes. This so lu tion  was allowed to  
cool to  ambient tem perature, and subsequently poured into ice cold, vigorously 
s t i r r e d  deionised water (1.5 l i tr e ) . The p rec ip ita ted  so lid  was removed by 
f i l t r a t io n  and dried under vacuum (50 °C, 48hrs). P urification  was achieved by 
re c ry s ta llisa tio n  from ethanol yielding the pure product as b righ t yellow 
need le-like  cry sta ls .
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Yield, 84.3g (97%). MP, 89-91 °C (lit.90-91 *C<2*3 '31 >). Clo Hr N02 requires:
C-69.36%, H-4.07%, N-8.09%. Found: C-69.34%, H-3.88%, N-7.88%. FT-IR (cm"1):
2724 (s), 1723 <s), 1593 (s), 1310 <s), 1208 (m), 1146(s), 1072 (w), 1031 (w), 949 (w),
832 <ra>, 756 (m), 722 (s>, 698 (s). 300MHz ’H NMR ( a c e t o n e - p p m  from TMS): 7.48 
(d, 2xmeta-Ar-H), 7.41 (s, para-Ar-H), 7.33 (d, 2xortho-Ar-H), 6.84 (s, 2x C=C-H). 
75.5 MHz ,3 C NMR (acetone-c^., ppm from TMS): 135.2 (s, 2x0=0), 129.6, 128.4,
127.4 (3 s, 5x Ar C), 30.6-29.0 (m, 2x0=0).
2.3.2 Synthesis o f  Aspartimide adduct o f jY-Phenylmaleimide and Allvlamine
0
The aspartim ide adduct of //-phenylmaleimide and allylamine, the  model 
compound for the syn thesis of the bis-maleimide based adduct, was prepared by 
two d iffe ren t routes, the f i r s t  a so lu tion  addition, the second a bulk addition 
in the melt. For the so lu tion  addition process N-phenylmaleimide (3.46g,
0 .02mol) and allylamine (1.14g, 0 .02mol) were dissolved in dimethylformamide 
(35ml) in a 50ml three-necked round bottomed flask  f i t te d  with a condenser, 
thermometer, and nitrogen in le t/o u tle t, and the  so lu tion  s t ir re d  under n itrogen 
by means of a magnetic follower. Hydroquinone (0.10g) and g lac ia l ace tic  acid 
(0.5ml) were added, and the so lu tion  duly heated a t 120 "C under n itrogen  for 4 
hours. The so lu tion  was subsequently allowed to  cool to  room tem perature, and 
then added slowly, dropwise to  ice cold, vigorously s t ir re d  deionised w ater (1 
l i tr e ) , thereby p rec ip ita tin g  the aspartim ide product. The above procedure was 
a lso  conducted in acetone (35ml) and dimethyl sulphoxide (35ml); the product was 
id en tica l in a l l  cases.
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Yield, 4.22g (91.7%). MP 85.5*C. Cn 3H-,4.N202 requ ires: C-67.81%, H-5.69%, 
N-12.17%. Found C-68.46%, H-6.39%, N-ll.43%. FT-IR (cm-1): 3274(b), 1778 <m),
1710 (s), 1620 (m), 1597 <m), 1530(b), 1498 (m), 1332 (w), 1261 (w), 1192(s,b), 1158(m), 
1115(w), 912 (w), 840(w), 756(m), 694(m). 300MHz ’H NMR (acetone-d©, ppm from 
TMS): 7.45 (d, 2xmeta-Ar-H), 7.35-7.28 (m, 3xAr-H), 6.50, 6.04 (m, CH^CH-CH-,-),
5.50 (s, NH-CH2-), 5.11 (d, Ix-OCHH) , 5.03 (d, lx-C=CHH), 4.72 (m, lxCNH), 4.00, 
3.42 (m, IxCO-CH), 3.31 (m, NH-CH-s-CH), 2.82 (m, lxCO-CH). The presence of
unassigned peaks a t 5= 6.5 and 4.0, together with m icroanalysis re s u lts  outside 
the experim ental lim its  of + /- 0.3% indicate th is  method to  be le ss  than ideal.
The bulk addition process was devised to  a lle v ia te  problems associated  
with res id u a l solvent in the prepared adduct, which were considered to  be a 
major source of im purities in the so lu tion  based syntheses. Finely ground N- 
phenylmaleimide (3.46g, 0.02mol) and allylamine (1.14g, 0.02mol) were mixed, under 
nitrogen, a t room temperature, in a modified boiling tube, f i t te d  with nitrogen 
in le t/o u tle t  by means of a small magnetic follower. Once the in i t i a l  vigorous 
reaction  had subsided, (a fte r  some 10 minutes) the tem perature o f the blend was 
slowly ra ised  by means of a silicone o il  bath u n til  m elting of the maleimide 
occured a t approx, 105‘C, with a homogeneous brown melt being formed. The melt 
was immediately quenched by means of a cold a ir  stream, and the reaction  
mixture rapidly  cooled to  room temperature.
The orange so lid  was removed from the boiling tube, finely  separated  and 
dried under vacuum in a drying p is to l (404C, 7 days). The fin a l so lid  product 
was finely  ground to  form a pale orange powder, which was fu r th e r dried in the 
p is to l (504C, 48hrs) before analysis. This product was fu lly  so luble in 
dimethylformamide a t room temperature.
y
Yield, 3.36g (93.3%). MP 8 6 °C. C^H^N^O-, requires: C-67.81%, H-5.69%, N-
12.17%. Found: C-67.29%, H-6.13%, N-12.19%. FT-IR (cm"1): 3293(b), 3059 (m), 
2925 (m), 1779 (m), 1711 (s), 1597 (m), 1539(b), 1500 (m), 1444 (m), 1389 (w), 1315 (w),
1256 (w), 1185 (s,b), 1159(m), 1077 (m), 1023 (w), 987 (m), 931 (w), 840 (w), 755 (m),
693 (m), 640 (m), 625 (m). 300MHz ’H NMR (acetone-4s, ppm from TMS): 7.43 (d,
2xmeta-Ar-H), 7.32 (m, 3xAr-H), 6.00 (m, CH2=CH-CH2- ), 5.39 (s, NH-CH2-), 5.12 (d,
1 x-C=CHH) , 5.08 (d, lx-C=CHH>, 4.87 (m, lxCNH), 3.37 (m, lxCO-CH), 3.30 (m, NH- 
CH -^CH), 2.77 (m, lxCO-CH). 30.4 MHz 1SN NMR (DMSO-als, ppm from CH3N0=): -192
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(Ar-N-(C=0)2 ), -340 (C-NH-CH2-). A b e tte r  m icroanalysis, together with a
'cleaner' 1H NMR spectrum ind icates th is  method to  be superior to  the so lu tion  
based syn thetic  rou tes. Any im purities in th is  process are  most likely  to  be 
homo-polymerised W-phenylmaleimide, although th is  was not detected by 1H NMR 
spectroscopy.
2.3.3 Synthesis o f Aspartimide adduct o f bis-(4-maleimldophenvl)me thane
0 0
As with the aspartim ide adduct of iV-phenylmaleimide, th e  b is -(  4- 
maleimidophenyl)methane adduct was a lso  prepared by both a so lu tion  addition 
and a bulk addition in the melt.
The so lu tion  addition method u tilis e d  acetone as solvent, using a technique 
very sim ilar to  th a t described for the iV-phenylmaleiraide adduct above. Bis-(.4- 
maleimidophenyl)methane (1.79g, 0.005mol) was dissolved in fresh ly  d is ti l le d
acetone (40ml) in a 100ml three-necked round bottomed flask  f i t te d  with a 
p ressu re  equalised dropping funnel, condenser and nitrogen in le t/o u t le t .  This 
so lu tion  was brought to  a gentle re flux  (approx. 65 *C) with constant s tir r in g , 
under nitrogen. Allylamine (0.67g, 0.02mol> was dissolved in fu r th e r fresh ly  
d is ti l le d  acetone (30ml), and added slowly, dropwise, to  the c lea r yellow 
solu tion , whereupon the in i t ia l  so lu tion  became more turbid. Heating continued 
under n itrogen for a fu rth e r 4 hours, whereupon the so lu tion  had become a 
tu rb id  white. The flask  was then removed from the heat and allowed to  cool to  
ambient tem perature.
Previous experiments had proved th a t p rec ip ita tio n  of the product in water 
was unfeasible, the p rec ip ita te  being too fine to  co llect on a s in te r , and
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p u rifica tio n  by chemical ex traction  re su lted  in an impure product, hence the 
product was iso la ted  by removing the reaction  solvent, and any excess unreacted 
allylamine, on the  ro ta ry  evaporator. This gave an orange re s in  as the  product,
which was d ilu ted  in dichloromethane and washed with 5% HC1 soln, then with
deionised water. The so lu tion  was dried over MgSOA fo r 24 hours, and then
iso la ted  on the ro ta ry  evaporator. The orange sem i-solid  thus formed was 
finely  divided and subject to f in a l drying in the p is to l <40°C, 24hrs, in vacuo), 
to  give a pale amber so lid  with no discernable odour.
Yield, 1.67g (77.0%). MP, 137°C. C^H^N^O* requires: C-68.63%, H- 
5.97%, N -ll .86%. Found: C-67.83%, H-5.43%, N-10.43%. FT-IR (cm"1): 3465(b),
3037 (m), 2918 (m), 1775 (m), 1708 (s), 1642 (m), 1510(b), 1387 (w), 1181(s,b), 1022 (w), 
921 (w), 814(w), 789<m), 746 (m), 675 (m). 300MHz ’H NMR (acetone-ds, ppm from 
TMS): 7.36 (d of d, 4xAr-H), 7.20 (d of d, 4xAr-H), 5.85 (m, 2xCH2=CH-), 5.22-5.05
<ra, 2xC=CH* & 2xCH-NH-CH=1-), 4.03 (s, 2XCH3 ), 3.47 (m, 2xC=0-CH), 3.39 (m, 2xNH-
CFU-). 2.58 (m, 2xCH-NH-). As before, the poor analysis re s u lts  ind icate  the
so lu tion  based method to  be non-ideal.
The melt addition process for the b is - (4-maleimidophenyl)methane adduct 
was e ssen tia lly  id en tica l to th a t used for the  Af-phenylmaleimide melt adduct. 
B is - (4-maleimidophenyl)methane <3.58g, O.Olmol), finely  ground, was placed in a 
modified pyrex boiling tube f i t te d  with a n itrogen in le t/o u tle t .  The tube was 
purged with nitrogen, and a constant stream  maintained for the remainder of the
experiment, w hilst the sample was constantly  ag ita ted  by means of a magnetic
follower. Allylamine <1.50g, 0.02mol + 0.36g excess) was added dropwise, via the 
n itrogen in le t, with a spontaneous reaction  ensuing. The mixture was ag ita ted  
a t room tem perature, under nitrogen, for 15 minutes, then heated to  approx. 
150°C to ju s t melt the bis-maleimide, forming a homogeneous orange melt. The 
molten mixture was maintained a t th is  tem perature fo r 2 minutes, then 
immediately quenched to  room temperature. The product was removed from the 
tube, finely  ground, and dried in the p is to l (40°C, 24hrs, in  vacuo) to  yield a 
pale amber powder. This product was fu lly  soluble in dimethylformamide a t room 
tem perature.
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Yield, 4.06g (95.5%). MP, 138.5 °C. C27H2aN202 requires: C-68.63%, H-5.97%,
N -ll .86%. Found: C-68.61%, H-5.69%, N-ll.41%. FT-IR (cm"1): 3309(b), 3069(m), 
2918 (s), 2724 (m), 1704 (s), 1639 (s), 1510 (m), 1387 (m), 1305 (m), 1172(m), 1149(s), 
1021 (w), 991 (m), 919(m>, 838 (w), 721 (s), 6 8 8 <w). 300MHz 1H NMR <acetone-ds , ppm 
from TMS): 7.36 (d of d, 4xAr-H), 7.26 (d of d, 4xAr-H), 6.00 (m, 2xCH2=CH-),
5.39 (s, 2xNH), 5.12-5.08 <m, 2x0=01^), 4.87 (m, 2xCH-NH), 4.03 (s, 2xCHs), 3.37 
(m,2xNH-CH2-), 3.31 <m, 2xC=0-CH), 2.77 (m, 2xC=0-CH). 30.4 MHz 1SN NMR (DMSO-
45, ppm from CH3N02 ): -192 (ArC-N- (C=0)2), -340 (C-NH-CH2-).
2.3.4 Synthesis of B is - 2 . 2 (3-allvl-4-hvdroxvphenvl)propane
Bis-2,2 ' - (4-hydroxyphenyl)propane (45.66g, 0.2mol) was added to  toluene 
(150ml), deionised water (150ml), sodium hydroxide <12g) and tetramethylammonium 
bromide (Ig, as phase tra n s fe r  ca ta ly s t) in a three-necked round bottomed flask, 
f i t te d  with thermometer, overhead s t i r r e r ,  condenser, p ressure equalised dropping 
funnel and nitrogen in le t/o u tle t. This mixture was s t i r re d  under n itrogen  to 
achieve d issolution. A llyl bromide (28g, 0.2raol + excess) was added dropwise 
from the dropping funnel. Once addition was complete, the m ixture was warmed 
under n itrogen a t 50-60°C for 24hrs.
The re su ltan t mixture was allowed to  cool to  ambient tem perature. The 
toluene was removed as i t s  azeotrope with water by d is t i l la t io n  a t  reduced 
pressure, leaving the s ing le  aqueous phase containing the b is -e th e r as a waxy 
p rec ip ita te . The aqueous so lution was washed with dichloromethane (3 x 50ml) 
to  ex trac t the organic solid, the organic washings being subsequently dried 
over anhydrous MgS0A for 72 hours. The crude interm ediate product was iso la ted
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as a waxy brown so lid  on the ro ta ry  evaporator. Final p u rifica tio n  was achieved 
by repeated re c ry s ta llisa tio n  from aqueous ethanol yielding a waxy brown solid.
This purified  in term ediate b is-e th e r was converted to  the required  b is -  
phenol product by means o f a simple Claisen rearrangement. 20g, 0.065mol B is-  
2,2 ‘- (4 -a l ly  loxyphenyl)propane was added to  1,2,4-trichlorobenzene (120ml> in a 
250ml two-necked round bottomed flask, f i t te d  with condenser and nitrogen
in le t/o u tle t.  This s lu rry  was heated s tead ily  under nitrogen, with constant
s t ir r in g  from a magnetic follower. As the tem perature rose the  reac tan t 
dissolved to  form a very pale yellow solution; th is  so lu tion  was fu r th e r heated 
to  re flux  tem perature (220°C) and s t ir re d  under n itrogen fo r 20 hours.
On cooling to  room tem perature, the crude bis-phenol was ex trac ted  from 
the aromatic solvent by ex traction  in to  10% NaOH so lu tion  (5 x 50ml.). 
Successful conversion was indicated by the formation of an opaque aqueous phase 
containing the ex tracted  phenol over the now c lear organic phase. The basic 
ex trac t was washed with dichloromethane (3 x 15ml.) to  remove any re s id u a l
trichlorobenzene. The combined trichlorobenzene/dichlorom ethane phases were 
themselves fin a lly  washed with NaOH solu tion  to  remove any f in a l product.
The f in a l combined basic e x tra c ts  were carefu lly  acid ified  with conc. HC1 
to  p rec ip ita te  the bis-phenol. This p rec ip ita te  was ex tracted  with d ie thy le ther, 
the  product being iso la ted  on the ro ta ry  evaporator as a pale yellow waxy solid . 
This so lid  was again dissolved in NaOH soln. and p rec ip ita ted  and iso la ted  as 
before. F inal p u rifica tio n  was achieved by continuous re c ry s ta llisa tio n  from 
aqueous methanol soln. to  yield the pure b is-2 ,2 ' - (3 -a lly  1-4-
hydroxyphenyl)propane as a waxy c ry s ta llin e  product a f te r  treatm ent in a drying 
p is to l for 48 hours.
Yield 15.8g (79%). C21H2A02 requires: C-81.78%, H-7.84%. Found: C-
81.64%, H-7.72. FT-IR (cm" 1 >: 3200 (s), 3080(w), 3060(w), 2980(m), 2940 (w),
2210 (m), 1645 (m), 1611 (w), 1590 (w), 1495 (s), 1450 (m), 1265 (s), 1205 (s), 1140(s),
995 (m), 920 (m), 830 (m). 300MHz ’H NMR ( a c e t o n e - p p m  from TMS): 6.98 (d^
2xAr-H), 6.90-6.83 (d of d, 2xArH), 6.23-6.20 (d, 2x Ar-H), 6.03-5.90 (m, 2xCH2-  
CH=), 5.03-4.91 (m, 2x0=0^), 3.37-3.31 (d, 2xAr-CH2-), 1.59 (s, 2x C-CH3 ).
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2.3.5 S y n th e s is  o f  B ls -2 .2 '-  (3 -p rop en v l-4 -h v d ro x v p h en y l)p ro p an e
The conversion of a lly l to  propenyl func tiona lity  is  well known, and
described in standard organic te x ts C23e:>. Such a conversion i s  feasib le  by
v irtu e  of the enhanced s ta b i l i ty  of the propenyl aromatic over the a lly l, due to  
conjugation of the propenyl double bond with the aromatic ring. Such
conjugation is  not possib le for ally] functionalised aroma Lies.
Bis-2,2 '- (3-allyl-4-hydroxyphenyl)propane (50g, 0.162mol), was dissolved in 
150ml of sa tu ra ted  methanolic KOH solu tion  in a 250ml round bottomed flask,
f i t te d  with a s t i l l-h e a d  and condenser for downward d is ti l la t io n . The 
tem perature of the so lu tion  was monitored using a thermometer s e t  so as the 
bulb ju s t dips into the  surface. This so lu tion  was d is ti l le d  u n ti l  the  so lu tion  
tem perature reached 110*C. The s t i l l  head was subsequently removed, the 
condenser re f i t te d  v e rtica lly , and the so lu tion  gently  heated under re flu x  fo r 
s ix  hours, with constant s t i r r in g  from a magnetic follower. On completion of 
th is  heating, the so lu tion  was allowed to  cool to  ambient tem perature.
Once cooled, the now waxy reaction  mixture was very carefu lly  ac id ified  
with conc. HC1, to  yield an oily  product. The bis-phenol was ex trac ted  from the 
reaction  mixture in to  dichloromethane, th is  so lu tion  was washed with deionised 
w ater and fina lly  dried over anhydrous MgS0A for 24hrs. The pure product was 
iso la ted  on the ro ta ry  evaporator as a golden brown, honey-like sem i-so lid  with 
a d is tin c t odour.
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Yield, 41.Ig <82.2%). requires: C-81.78%, H-7.84%. Found: C-
81.55%, H-7.70%. FT-IR (cm- 1 ): 3222 (s>, 3085 <w), 3060<w), 2977 <s>, 2942 <m),
2211 <s>, 1633 <w), 1610 Cw), 1596 <w>, 1499 (s), 1465 Cm), 1261 <s), 1199Cs), 1143(s>,
995 <m>, 913 Cm), 810 <m). 300MHz ’H NMR ( a c e t o n e - p p m  from TMS): 8.16 (s, Ar- 
OH, z), 7.94 (s, Ar-OH, e), 7.27-6.70 <m, 6xAr-H), 6.70-6.64 (d of d, 2xCH=CH-Ar, 
z), 6.54-6.48 (d of d, 2xCH=CH-Ar, e), 6.21-6.14 <d of d, 2xCH=CH-CH3, z), 5.73- 
5.71 <m, 2xCH=CH-CH3, e), 1.83-1.81 <d of d, 2xCH=CH-CH3 , z), 1.69-1.62 (d of d,
2xCH=CH-CH3 , e), 1.61 <s, 2x0-01^).
2.3.6 Synthesis o f  Bis-2. 2 (3-allvl-4-cyanatophenyDpropane
OCN
Fis-2 ,2’-  (3-allyl-4-hydroxyphenyl)propane <50g, 0.162raol), was placed in a 
500ml, th ree  neck round bottomed flask, f i t te d  with a p ressure  equalised 
dropping funnel, overhead s t i r r e r ,  thermometer (capable of reading to  -5 0 * 0  and 
nitrogen in le t/o u tle t. Dry acetone (100ml) was added and the so lu tion  s t ir r e d  
to  achieve complete d isso lu tion  of the viscous bis-phenol. The golden brown 
so lu tion  was then cooled to -2 0 *C by means of a liqu id  n itrogen/acetone bath. 
To th is  cold so lu tion  was added cyanogen bromide (47.67g, 0.45mol) dissolved in 
approx. 50ml of dry acetone; a fu rth e r 100ml of dry acetone was used to  pass 
the washings into the flask  in sm aller a liquo ts. The reaction  so lu tion  was then 
fu rth e r cooled to  approx. -3 0 *C, and s t ir re d  under n itrogen to  obtain complete 
homogeneity. Freshly d is t i l le d  triethylam ine (45.54g, 0.45mol) was added
dropwise from the dropping funnel over approx. 30 minutes, w hilst m aintaining 
the reaction  tem perature below -15*0. Successful reaction  was indicated  by the 
formation of a p rec ip ita te  of triethylam ine hydrogenbromide. Once addition was 
complete, s t i r r in g  was continued a t low tem perature fo r a fu r th e r 30 minutes 
w hilst the reaction  flask  was allowed to  warm to  ambient tem perature.
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The product was iso la ted  by pouring the en tire  reaction  mixture in to  
vigorously s t i r re d  ice water (2 li tr e s ) . The product separated as a brown o il  
which was iso la ted  by repeated ex traction  in to  dichloromethane. The crude 
cyanate was fina lly  iso la ted  by removal of the dichloromethane on the ro ta ry  
evaporator.
Before use as a composite resin  the crude cyanate was cleaned by washing 
with 5% NaOH soln. to  remove any unreacted phenolic compound, and subsequently 
with deionised water to  remove any remaining CNBr and NaOH. The cleaned 
cyanate was again taken up in dichloromethane, and th is  so lu tion  dried over 
anhydrous MgSO*. fo r 24hrs, with f in a l iso la tio n  on the ro ta ry  evaporator a f te r  
f i l tra tio n . On standing, the product was found to  separa te  in to  a low v iscosity  
brown o il containing pale golden brown waxy c ry sta ls .
Yield 42.lg  (72.5%). MP 48.5-49*C C^H^N-A* requires: C-77.04%, H-6.18%,
N-7.85%. Found: 076.93%, H-6.15%, N-7.90%. FT-IR (cm"1): 3400 (w), 3080 (w),
3060 (w), 2980 (m), 2940 <w), 2280 (s), 2210 (m), 1645 (m), 161 l<w), 1590 (w), 1495 (s),
1450 (m), 1265 (s), 1205 <s), 1180 <s), 1140 (s), 995 (m), 920 (m), 830 <m). 300MHz 1H
NMR (acetone-d^, ppm from TMS): 7.46-7.41 (d, 2xAr-H>, 7.37-7.28 (m, 4xAr-H),
5.99-5.86 (m, 2xCH=CHa >, 5.10-4.97 (m, 2x0=0^), 3.53-3.43 (d, 2xAr-CH2-C), 1.67 
(s, 2xCH3>. 30.4MHz 1 s N NMR (acetone-ds, ppm from CHaNO )^: -214.7 (2xAr-0CN).
2.3.7 Synthesis o f .gis-2.2i-(3-propenyl-4-cyanatophenyl)propane
Synthesis of h is-2 ,2 '- (3-propenyl-4-cyanatophenyl)propane was achieved by a 
technique iden tica l to  tha t described for i t s  a lly l isomer (Section 2.3.6) using
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bis-2,2'-(3-propenyl-4-hydroxyphenyl)propane (50g, 0.162mol), w ith a l l  o ther
reagen ts in the same q u an titie s  as before.
Found: C-77.28%, H-6.14%, N-8.00%. FT-IR (cm-1): 3063 (w), 2977 (s), 2936 (m), 
2877 (w), 2272 (s), 2211 (s), 1640 (w), 1611 Cw), 1594 <w>, 1493 (s), 1453 (m), 1203 (s), 
1172(s>, 1135(s), 965 (m), 820 (m), 780 (m). 300MHz 1H NMR (acetone-dG, ppm from 
TMS): 7.56-7.48 (d, 2xAr-H, ortho  to  propenyl), 7.42-7.39 (d of d, 2xAr-H, para
to  propenyl), 7.34-7.25 (d of d, 2xAr-H, meta to  propenyl), 6.59-6.53 (d of d, 
4xCH=CH-Ar, e & z), 6.23-6.11 <m, 2xCH=CH-CH3, e), 5.73-5.67 <m, 2xCH=CH-CH3, z), 
1.93-1.91 (d, 2xCH=CH-CH3 , e), 1.71-1.69 (d, 2xCH=CH-CH3 , z>, 1.61 (s, 2X-CH3 ).
2.3.8 Synthesis o f Bis-(4-allyloxyphenvl)sulphonet: 1 £,y >
B is-  (4-hydroxyphenyl)sulphone (25.03g, O.lmol) was added to  toluene 
(150ml), deionised water (150ml), sodium hydroxide (12g) and tetramethylammonium 
bromide (lg, as phase tra n s fe r  ca ta ly st) in a three-necked round bottomed flask, 
f i t te d  with thermometer, overhead s t i r r e r ,  condenser, p ressure  equalised dropping 
funnel and nitrogen in le t/o u tle t. This mixture was s t i r re d  under n itrogen  to  
achieve dissolution. A llyl bromide (28g, 0.2mol + excess) was added dropwise 
from the dropping funnel. Once addition was complete, the mixture was warmed 
under nitrogen a t 50-60#C for 24hrs.
Yield 40.9g (70.4%). C33H22N20: requires: C-77.04%, H-6.18%, N-7.85%.
The re su ltan t mixture was allowed to  cool to  ambient tem perature. The 
toluene was removed as i t s  azeotrope with water by d is ti l la t io n  a t reduced 
pressure, leaving the sing le aqueous phase containing the b is -e th e r as a white
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p rec ip ita te . The aqueous so lu tion  was f i l te re d  to  ex trac t the c ry s ta l mass, 
which was subsequently dissolved in dichloromethane/methanol (90:10), and dried 
over anhydrous MgSO  ^ for 72 hours.
A fter f i l tra tio n , the dry sulphone was iso la ted  as a pale yellow so lid  on 
the ro ta ry  evaporator. The product was repeatedly  washed with dry methanol 
u n til  no odour was detectab le  and the washings were clear. The pure product 
was thus in the form of fine white c ry s ta ls .
Yield 20.45g (61.0%). MP 142.8 °C. CtsHtqO^S-, requires: C-65.43%, H-5.49%. 
Found: C-65.42%, H-5.79%. 300MHz 1H NMR (acetone-cfe, ppm from TMS): 7.89-7.65 
(d of d, 4xAr-H, ortho  to  S02), 7.13-7.05 (d of d, 4xAr-H, meta to  SO^ .), 6.12-5.99 
(m, 2xC-CH=C), 5.44-5.38 (d of d, 2xC=CH, z), 5.28-5.23 (d of d, 2xC=CH, e), 4.62- 
4.60 (d, 4xO-CE2->.
2.3.9 Synthesis of B is - (3-allyl-4-hydroxyphenyl)sulphone
0
s
li
0
Conversion of the ally loxy-ether to the a lly l-b is-p h en o l was accomplished 
via a stra igh tfo rw ard  Claisen rearrangement. I t  is  possible to  e ffe c t th is  
conversion under a number of experim ental conditions, the most successfu l of 
these  with regard to  th is  work was th a t described by Shimotoc137 >.
20g, O.O6 IM0I b is -  (4 -ally  loxyphenyl)sulphone was added to  Ij2 ,4- 
trichlorobenzene (120ml) in a 250ml two-necked round bottomed flask  f i t te d  with 
condenser and nitrogen in le t/o u tle t; th is  s lu rry  was heated s tead ily  under 
nitrogen, with constant s t ir r in g  from a magnetic follower. As the tem perature 
rose  the reactan t dissolved to  form a pale yellow solution; th is  so lu tion  was
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fu rth e r heated to  re flux  tem perature <220*C) and s t ir r e d  under n itrogen for 20 
hours.
On cooling to  room tem perature, the crude bis-phenol was ex tracted  from 
the arom atic solvent by ex traction  in to  10% NaOH soln. (5 x 50ml.). Successful 
conversion was indicated by the formation of an opaque aqueous phase over the 
now c lear organic phase. The basic ex trac t was washed with dichloromethane <3 
x 15ml.) to  remove any re s id u a l trichlorobenzene. The combined
trichlorobenzene/dichlorom ethane phases were themselves fin a lly  washed with 
NaOH soln. to  remove any fin a l product.
The fin a l combined basic e x tra c ts  were carefu lly  acid ified  with conc. HC1 
to  p rec ip ita te  the  bis-phenol as a white solid. This p rec ip ita te  was ex tracted  
with d ie thylether, the product being iso la ted  on the  ro ta ry  evaporator as a pale 
yellow solid. This so lid  was again dissolved in NaOH soln. and p rec ip ita ted  and 
iso la ted  as before. Final p u rifica tio n  was achieved by continuous 
re c ry s ta llisa tio n  from aqueous methanol soln. to y ield  the pure bis-phenol as a 
fine white c ry s ta llin e  product a f te r  treatm ent in a drying p is to l fo r 48 hours.
Yield 13.20g (66.0%). MP 151.4*C. Cie H130AS* requires: C-65.43%, H-5.49%. 
Found: C-65.43%, H-5.31%. 300MHz 1H NMR (acetone-ds, ppm from TMS): 9.48 Cs,
Ar-OH), 7.82-7.74 (d & d of d, 4xAr-H, ortho  to  SO*), 7.14-7.11 <d of d, 2xAr-H,
meta to  SO*), 6.19-6.06 Cm, 2xC-CH=C), 5.26-5.18 (2x d of d, 4xC=CH*, e & z),
3.56-3.54 (d of d, Ar-CH*-).
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2.3.10 S y n th e s is  o f  B is - (3 -propen v l-4 -h v d ro x v p h en v l)su lp h o n e
0
IIs
II
0
Conversion of b is - (3-allyl-4-hydroxyphenyl>sulphone to  the respective  b is -  
(3-propenyl-4-hydroxyphenyl)sulphone was achieved under id en tica l reaction  
conditions as those employed for the conversion of the propane bridged analog, 
Section 2.3.5. In the case of the sulphone bridged moiety the following 
q u an titie s  were employed: b is -  (3 -ally  l-4-hydroxyphenyl>sulphone (7.5g,
0.023mol>, and sa tu ra ted  methanolic KOH <25ml>. Work-up and p u rifica tio n  was 
achieved by p rec ip ita tion  from basic so lu tion  followed by repeated 
re c ry s ta llisa tio n  from aqueous methanol as u til is e d  previously. The product was 
obtained as a fine white powdery solid.
Yield 6.08g (81.1%). MP 116.3X. Cie H180*S2 requ ires: C-65.43%, H-5.49%. 
Found C-65.41%, H-5.64%. 300MHz ’ H NMR (acetone-c/-s , ppm from TMS): 9.42 (s,
2xAr-0H, e), 9.29 (s, 2xAr-0H, z), 7.92 (d, 2xAr-H, ortho  to  propenyl), 7,63-7.60 
(d of d, 2xAr-H, para to propenyl), 7.00-6.98 (d, 2xAr-H, meta to  propenyl), 6.70- 
6.65 (d of d, 2xAr-CH=C, e), 6.46-6.36 (cm, 2xAr-CH=C, z & 2xC=CH-CHs , e>, 5.92- 
5.80 (m, 2xC=CH-CH3, z ), 1.90-1.86 (d of d, 2xC=C-CH3, e), 1.80-1.77 (d of d,
2 xC=C-CH3, z ).
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2.3.11 S y n th e s is  o f  j? is -(3 -p ro p e n y l-4 -cv a n a to p h en y l)su lp h o n e
0
Cyanation of bis-(3-propenyl-4-hydroxyphenyl)sulphone to  y ield  the fin a l 
product bis-(3-propenyl-4-cyanatophenyl)sulphone was achieved using the method 
described in Section 2.3.6, with the following quan tities: b i s - (3-propenyl-4-
hydroxyphenyl)sulphone (5g, 0.015mol>, cyanogen bromide (4.77g, 0.045mol>,
triethylam ine <4.55g, 0.045mol>. Iso la tion  of the crude product was id en tica l to  
the described procedure, with the crude bis-cyanate being subsequently washed 
with aqueous base and dried as before. F inal p u rifica tio n  however was achieved 
by passing the bis-cyanate, as a so lu tion  in dry acetone, through a s il ic a  gel 
column with an e lu ting  solvent of 50% acetone:50% hexane (v/v), th is  gave a pure 
fin a l product in the form of an o ff-w hite  powdery so lid  a f te r  removal of the 
e lu tion  solvents on the ro ta ry  evaporator.
Yield 4.37g (82.0%). MP 106°C C^oH-,eN^O^S requ ires: C-50.40%, H-3.38% 
N-5.88%. Found: C-50.16%, H-3.39% N-5.72%. FT-IR (cm"1): 3063 <w), 2200 (m), 
1650 (m), 1580 <m>, 1500 (m), 1300 <s), 1280 (s), 1230 (s), 1180(s>, 1160(s), 1120<s), 
llOO(s), 1080 <s), 970 <m), 900 (m), 830 (m), 720 <m>, 700 (s). 300MHz ’H NMR
(acetone-d-s/ ppm from TMS): 7.79 (d, 2xAr-H, ortho  to  propenyl), 7.50-7.46 (d
of d, 2xAr-H, para to  propenyl), 6.87-6.84 (d, 2xAr-H, meta to  propenyl), 6.57-
6.51 (d of d, 2xAr-CH=C, e), 6.31-6.23 (cm, 2xAr-CH=C, z & 2xC=CH-CH3, e), 5.87- 
5.69 (m, 2xC=CH-CH3, z ), 1.76-1.73 (d of d, 2xC=C-CIi3, e), 1.64-1.62 (d of d,
2xC==C-CH3, z ).
2.3.12 S y n th e s is  o f  B l s - 2 . 2 (4 -a llv lo x v p h en v l)h ex a f lu o rop ropane
\ /
< * 3
Bis-2,2 '-  (4 -ally  loxyphenyl)hexaf luoropropane was prepared by a route 
id en tica l to  th a t used for i t s  sulphone bridged analog described in Section 
2.3.8. A 250ml three-necked round bottomed flask, f i t te d  with a thermometer, 
condenser, p ressure  equalised dropping funnel, overhead s t i r r e r  and nitrogen 
in le t/o u tle t, was charged with b is-2 ,2’- (4-hydroxyphenyl)hexaf luoropropane 
(18.82g, 0.05mol>, tetramethylammonium bromide (0.5g), sodium hydroxide <6.0g) 
and deionised water (75ml). This so lu tion  was s t i r r e d  under n itrogen  u n ti l  the 
bis-phenol was completely dissolved, whereupon toluene (75ml> was added as the 
second solvent. Allylbromide <12.01g, O.lmol + excess) was added dropwise from 
the dropping funnel over approx. 15 minutes with constant vigorous s t ir r in g  
under nitrogen. Once addition was complete th is  s t ir re d  mixture was warmed 
under n itrogen a t 50-60 *C fo r 24hrs.
The mixture was allowed to  cool to  room tem perature, giving a two phase, 
pale cream so lu tion . The toluene was removed by reduced pressure  azeotropic 
d is t i l la t io n  leaving a dense white liquid containing a pale beige o il. This 
mixture was ex tracted  with dichloromethane (5 x 25ml) and the  combined e x tra c ts  
repeatedly  washed with deionised water. The organic e x tra c ts  were washed with 
10% NaOH soln. containing a small amount of NaCl to prevent em ulsification, 
thereby removing any unreacted phenolic compound. A fter a f in a l wash with 
deionised water the organic ex trac ts  were dried over anhydrous MgSO  ^ fo r 24 
hrs. The purified  product was iso la ted  on the ro ta ry  evaporator as a yellow
oil. Storage for prolonged periods a t 2°C fa iled  to  induce any c ry s ta ll is a tio n  
w ithin the oil.
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Yield 15.33g (73.6%). C^H^OsF© requires: C-60.58%, H-4.36%. Found: C- 
60.84%, H-4.19%. 300MHz ’ H NMR (acetone-c^, ppm from TMS): 7.19-7.16 <d, 4xAr-H, 
ortho  to  C3Fe ), 6.90-6.86 (d, 4xAr-H, meta to  C3Fe ), 6.01-5.89 Cm, 2xC-CH=),
5.33-5.26 (d of d, 2xC=CH, z), 5.15-5.11 <d of d, 2xC=CH, e), 4.51-4.48 (d, 2x0- 
CHs-C).
2.3.13 Synthesis o f Bls-2.2*- (3-allyl-4-hydroxyphenyl)hexafluoropropane
Conversion of bis-2 ,2 '-  (4-allyloxyphenyl)hexafluoropropane to  b is -2 ,2 '-(3 - 
allyl-4-hydroxyphenyl)hexafluoropropane was achieved via a Claisen rearrangement 
described in Section 2.3.9, using 15g, 0.036mol b is -2 ,2 '-(4 -
allyloxyphenyl)hexafluoropropane in 50ml 1,2,4-trichlorobenzene, heated, a t  220 *C 
for 20 hours. Repeated carefu l ex trac tion  in to  10% NaOH soln. and subsequent 
rep rec ip ita tio n  with conc. HC1 gave a pale yellow o il  of good purity .
Yield 11.40g (76.0%). C3 iH,©02Fe requires: C-60.58%, H-4.36%. Found: C-
60.78%, H-4.23%. 300MHz *H NMR (acetone-ds, ppm from TMS): 8.62 (s, 2xAr-0H), 
7.15-7.07 (d of d, 4xAr-H, ortho  to  C3FS>, 6.96-6.88 (d of d, 2xAr-H, meta to  
C3Fs ), 6.05-5.91 (m, 2xC-CH=), 5.06-5.05 (d, 2xC=CH, z), 5.02-4.98 (d, 2xC=CH, e>, 
3.46-3.38 (d, 4x-CH3-C=).
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2 .3.14 S y n th e s is  o f  B is -2 .21-  (3 -p ro p en y l-4 -h y d ro x y p h en y l)h ex aflu o ro p ro p an e
Conversion to  M s-2,2 ' - (3-propenyl-4-hydroxyphenyl)hexaf luoropropane was 
achieved as described previously by refluxing  in methanolic KOH, using lOg, 
0.024mol M s-2,2 ' - <3-allyl-4-hydroxyphenyl)hexaf luoropropane in 40ml sa tu ra ted
methanolic KOH. The crude product, a yellow o il was purified  by passing through 
a s ilic a  gel column with a dichloromethane eluent. The purified  product was 
a lso  found to  be a very viscous yellow oil.
Yield 7.22g (72.2%). C2nH1Q02Fe requires: C-60.58%, H-4.36%. Found: C- 
60.39%, H-4.38%. 300MHz ’H NMR (acetone-d3, ppm from TMS): 8.89 (s, Ar-OH, e),
8.73 (s, Ar-OH, z), 7.38 (s, 2xAr-H, ortho  to propenyl), 7.07-6.91 (m, 4xAr-H, meta 
& para to  propenyl), 6.70-6.64 (d of d, 2xAr-CH=C, e), 6.54-6.50 (d of d, 2xAr- 
CH=C, z), 6.21-6.09 (m, 2xAr-C=CH, e), 5.81-5.75 (m, 2xAr-C=CH, z), 1.85-1.62 (d of 
d, 2xC=C-CH3, e), 1.70-1.65 (d of d, 2xC=C-CH3, z)
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2.3.15 S y n th e s is  o f  B Is-2 .2 '-  (3 -p ro p e n y l-4 -c y a n a to p h e n y l)h e x a f  lu o ro p ro p an e
Synthesis of the desired fin a l product, b is-2 ,2 '-  (3-propenyl-4- 
cyanatophenyl)hexafluoropropane was achieved by d irec t cyanation of b is -2,2'— <3— 
propenyl-4-hydroxyphenyl)hexafluoropropane as previously described in Section 
2.3.6. The following reagent q u an titie s  were used: b is-2 ,2 '-(3 -p ropeny l-4 -
hydroxyphenyl)hexafluoropropane (6g, 0.0144m61>, CNBr (4.57g, 0.043mol) and
triethylam ine (4.37g, 0.043mol).
In i t ia l  pu rifica tion  was exactly  th a t described for the sulphone bridged 
analog, Section 2.3.11. Final pu rifica tio n  was a lso  achieved by passing the
crude cyanate, in acetone solution, through a s i l ic a  gel column with a 25% 
acetone:75% hexane eluent. This yielded a yellow sem i-solid as the  pure 
product.
Yield 4.63g (72.9%). MP 83.5 °C. C23Hie 02N2Fe requires: C-62.59%, H-3.65%, 
N-6.35%. Found: C-62.32%, H-3.90%, N-6.23%. FT-IR (cm"1): 3063 (w), 2977 (s), 
2936 <s), 2877 (m), 2830 <m), 2215 <m), 1650 (w), 1610 (m>, 1500 (m), 1460 <s), 1250 <s),
1203 (s), 1170 (s), 1135 <s), 980 (m), 820 <m), 760 (m). 300MHz ’H NMR (acetone-ck,
ppm from TMS): 7.73-7.40 (m, 6xAr-H), 6.63-6.59 (d of d, 2xAr-CH=C, e), 6.49-6.45
(d of d, 2xAr-CH=C, z), 6.40-6.28 (m, 2xCH=CH-CH3, e), 6.08-6.02 (m, 2xCH=CH-CH3,
z), 1.91-1.88 (d of d, 2xCH=CH-CH2!, e), 1.71-1.66 (d of d, 2xCH=CH-CH3, z).
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2.4 Structure determination o f  2.2*-bis-<3- trans-propeny 1 -4 -  
cyanatophenyDpropane
On standing, a pu rified  sample of 2,2,-bis-<3-propenyl-4-cyanatophenyl) 
propane was found to  separa te  in to  a mixture consisting  of large, white, waxy 
c ry s ta ls  in a mobile amber o il. This could be surmised to  be the separa tion  of 
the cyanate in to  i t s  constituen t isomers, namely 2 ,2 '-Z?is-(3-cis-propenyl-4- 
cyanatophenyl)propane, and 2 ,2 '-5 is-< 3 - trans-propenyl-4-cyanatophenyl)propane. 
In order to  te s t  th is  theory, a sample of the c ry s ta llin e  so lid  was subjected to  
1H NMR spectroscopy, the re s u lts  ind icating  th a t i t  was indeed the tra n s-  isomer 
alone. In order to  confirm th is  deduction, a s ing le  c ry s ta l X-ray d iffra c tio n  
analysis  was conducted on th is  c ry s ta llin e  solid.
The s tru c tu re  of 2,2‘-  b is -  (3- trans-propeny l-4-cyanatophenyl)propane is  
shown in figure  2.4.a. 2 ,2 '-bis-<3-trans-propenyl-4-cyanatophenyl)propane is
seen as a c en tra l te trah ed ra l carbon, surrounded by two methyl, and two 3- 
trans-propenyl-4-cyanatophenyl groups. Three o ther examples of cyanato group 
bearing organic molecules are  p resent in the Cambridge C rystallographic Database 
(CCD V.S)*7 *. 2 ,2 '-5 is-(3-ally l-4-cyanatophenyl)propane, which is  discussed 
elsewhere in th is  th esis , 2 ,2 '-b i s - (4-cyanatophenyl)propanec7's:> and (4-chloro- 
S^-dim ethyDphenylcyanate0  A1 \  The geometry around the methyl group fo r 2 ,2 '- 
b is -(3 -  trans-propenyl-4-cyanatophenyl)propane and these molecules are a l l  in 
good agreement.
C283C25
' C202 
C201
C 1 9
0 2
C1 3 C22
C26C24 C23
C 1 8
N2
Cl 02 Figure 2.4.a
Cl 03
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2.5 Cb-polymerisation Studies
As th is  work is  centered around an investigation  of the co-polym erisation 
behaviour of the various re s in  combinations i t  was necessary to  devise 
methodology for the investigation  of p lausib le  co-reactions before proceeding to  
reasonably complex composite stud ies. An e ffec tiv e  means of elucidating  
re la tiv e  co-reactive behaviour, quickly and using minimum sample is  by 
D iffe ren tia l Scanning Calorimetry (DSC). The princip les of DSC were outlined 
previously, w hilst the theory of DSC is  outlined in Appendix A. Subsequent 
sec tions ou tline  i t s  application with regard to  th is  work.
2.5.1 Preparation o f  S am ples for  DSC A nalysis
I t  is  of v ita l  importance in any DSC analysis th a t the sample under
analysis is  fu lly  rep resen ta tive . This is  especially  tru e  in th is  study, wherein 
i t  is  necessary to ensure th a t samples are carefu lly  prepared to  ensure both 
homogeneity and accurate composition. The importance of th is  can not be
overstressed , any inaccuracy in the sample preparation and p resen ta tion  w ill
have a d irec t re su lt  on the analysis re su lts , a fac to r worsened by the problem 
of small sample size.
Accurately weighed a liquo ts  of each sample component were combined 
together in the correct stoichiom etry for each necessary analysis. In the case 
of so lid  samples, adequate homogeneity was assured by grinding the 
stoichiom etric sample in a g lass  p estle  and mortar to  a fine powder su itab le  
for analysis. In the case of m ixtures of so lid s  with liqu ids and viscous re s in s  
i t  was found th a t d isso lu tion  of the previously weighed components in a
su itab le  solvent, followed by rigorous removal of the solvent, f i r s t  on the 
ro ta ry  evaporator, then by .judicious application  of vacuum in the drying p is to l, 
was necessary as the f i r s t  stage. A fter analysis by 1H NMR to ensure complete 
removal of the solvent, the re su ltan t mixture was finely ground to  e ith e r  a 
homogeneous paste  or fine powder ready for analysis.
2.5.2 DSC a n a ly s is  o f  Toughening M o d ifie rs  f o r  BMIs
The f i r s t  s tage  of the co-reaction s tu d ie s  involved an investigation  of 
the co-reaction of a lly l, and of propenyl functionalised  m odifiers with b is -  
maleimides, in order to  asce rta in  which, i f  e ith e r, of the fu n c tio n a litie s  showed 
g re a te r  re a c tiv ity  towards maleimides. This study involved an investigation  of 
the co-polymerisation reactions of b is - (4-maleimidophenyl)methane ©DM-BMI) (I) 
with four a lly l or propenyl functionalised modifers. DDM-BMI was u ti l is e d  in 
preference to  the sim pler tf-phenylmaleimide in order to  a lle v ia te  problems 
associated  with the v o la ti l i ty  of the maleimide component. These m odifiers were 
2 ,2 '- b is -  <3-allyl-4-hydroxyphenyl)propane ®ABA) (II), Compimide TM121 (III) 
Compiraide TM123 (IV) a l l  of which are commercial m ateria lsC2S15, and MB(2) (V), 
a novel a lly l functionalised  modifier, the  syn thesis  of which is  described 
e a r l ie r  in th is  chapter. S tru ctu res  I to  V are shown below.
In addition, the e ffec t of various c a ta ly s ts  on the proposed co-reactions 
was sim ultaneously investigated . Five p o ten tia l c a ta ly tic  m ateria ls  were 
examined: 2-methylimidazole <2-MI>, d iazobicyclo-<2,2,2 >-octane (DABCO),
copper (Il)acety lacetonate (CuAcac), cobalt (IID acetylacetonate (Co2Acac3 ) and 
vanadium (IIDacetylacetonate <V2Acac3 ). 2-MI and DABCO are both basic c a ta ly s ts , 
known to have a ca ta ly tic  e ffec t on the homo-polymerisation of b is -
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maleimides*3 '13>. The th ree  tra n s itio n  m etal complexes were chosen by v irtu e  of 
the ca ta ly tic  p roperties  displayed by the tra n s itio n  metal cations in the 
trim erisa tio n  of cyanate e s te r s 0350 . The complexing anion was kept constant 
throughout these  p o ten tia l c a ta ly s ts  in order th a t any varia tion  in ca ta ly tic  
behaviour be due so lely  to  the influence of the m etal ion present as fa r  as 
possible.
All possible combinations of m odifier and DDM-BMI were prepared in two 
d iffe ren t sto ich iom etries, containing 50wt% and 33wt% modifier. In catalysed 
blends, the required c a ta ly s t was added as 0.5wt% of the  to ta l  blend.
These blends were analysed by tem perature scanning DSC on a DuPont 9900
DSC, computer in terfaced , running dedicated DuPont TA softw are. Sample s ize  was
10+/-lmg in open aluminium pans under n itrogen  (50cm3min_1). Heating ra te  was
10*C min-1 between lim its  of 30-350°C. Open pans were u tilis e d  in order th a t 
any v o la til i ty  e ffe c ts  would be easily  d istingu ishab le . For each blend analysed 
two data points were considered, namely the tem perature a t which the 
polym erisation reaction  was observed to  commence (T0„SCft>, and the tem perature 
a t which the exothermic reaction  peak reached a maximum (Tp^k). The former 
was observed w ithin 10-15°C of the melting endotherm of DDM-BMI (c.160*C), the 
l a t t e r  tem perature being dependent on the composition under analysis. The 
re s u lts  of th is  study are il lu s tra te d  and discussed in Chapter 6.
2.5.3 DSC an alysis o f  Model Compounds
In Chapter 3 i t  is  proposed th a t the trans-propenyl isomer would show 
enhanced re a c tiv ity  over i t s  c is -  analog by v irtu e  of i t s  su ita b le  s te r ic  
arrangement. In order to  te s t  th is  supposition a se r ie s  of re a c tiv ity  t e s t s  
between propenyl containing compounds and DDM-BMI were attempted.
Previous sections describe the iso la tio n  of d isc re te  isomeric samples of o-  
propenylphenol, from which a nominally a l l  trans-  and a c is - / tr a n s -  isomeric 
mixture were iso lated . These two components were blended individually  as 50wt% 
blends with DDM-BMI as described previously, and te s ted  by scanning DSC, under
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id en tica l conditions to  those described in Section 2.5.2. As with o ther re su lts , 
th is  re a c tiv ity  study is  i l lu s tra te d  and discussed in Chapter 6.
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Chapter 3
Bis—Maleimides
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3.1 Properties o f  Bis-Maleimides
Bis-Maleimides (BMIs), are  the most successfu l c lass of polyimides as 
replacements for epoxy re s in s  in a high performance context. This is  due to 
th e ir  high tem perature res is tan ce  and improved hot/w et performance over more 
tra d itio n a l polymers, sp ec ifica lly  the epoxy resins. By the nature  of the BMI
fie ld  and th e ir  commercial success a number of good reviews have been
w ritten C2115 which cover the concepts outlined here in more d e ta il.
3.1.1 Synthesis and Structure o f BMIs
BMIs have the general s tru c tu re  i l lu s tra te d  below:
0 0
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2
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0 0
Figure 3.1.1.a
where -R- may be any of a number of bridging groups depending on the fin a l 
property requirements.
Synthesis is  achieved using maleic anhydride and a diaminecss*1 1 3 3  5. In 
the case of BMIs for high tem perature performance, aromatic diamines are 
reacted  with maleic anhydride in a dipolar apro tic  solvent a t room tem perature, 
yielding an interm ediate Ms-maleamic acid. This is  generally  cyclodehydrated in 
s i tu  a t 40-60 °C, in the presence of ace tic  anhydride and sodium ace ta te  
ca ta ly s ts , forming the BMI in typically  high yield as a high melting, c ry s ta llin e  
substance. Clearly a vast number of BMIs are possible by varia tion  of the 
diamine component^'1' 11 * however, i t  is  the sim plest BMI, £>is-<4- 
maleimidophenyDmethane <DDM-BMI>, shown in figure 3.1.1.b th a t remains the most
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widely used in commercial form ulations by v irtu e  of i t s  low cost and high 
performance. DDM-BMI was used in th is  work for in i t ia l  re a c tiv ity  stud ies.
3.1.2 Properties o f  BMIs
BMIs contain two reac tiv e  double bonds, each displaying an enhanced 
reac tiv ity  over ty p ica l o le fin ic  groups due to  the presence of two adjacent 
carbonyl groups leading to a most electron  d e fic ien t double bond. This 
re a c tiv ity  is  m anifest in the homo-polymerisation behaviour of BMIs when heated 
above th e ir  melting points, leading to  highly cross-linked  polymers, with the 
aforementioned a ttra c t iv e  high tem perature p ro p e rtie s0 0 ®'1 i e '212:>.
Other reactions shown by BMIs, include a Michael Addition reaction  with 
nucleophiles (such as amines, phenols and th io ls ) a t the double 
bond':s 'e 's,'’i,®'s''7' 134-'2° ‘4-'2'4®>, and possible nucleophilic a ttack  on the maleimide 
ring a t the carbonyl carbon. From the view of th is  work, the most u sefu l 
property of BMIs is  th e ir  behaviour as reactive  dienophiles, which perm its 
reaction  with a varie ty  of d ienes0 ®'12* '1®60. The importance of th is  fea tu re  
is  outlined in Chapter 1 and discussed in subsequent sections.
Figure 3.1.1.b
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3.1.2.1 Homo-polymerisation o f BMIs
BMIs undergo a thermally induced rad ica l homo-
polymerisation*73' 1 1 'S3S'236J, Recent work*33* has id en tified  two rad ica l
species, namely the propagating rad ica l (an interm ediate in chain growth 
polym erisation) and a species derived via hydrogen atom abstrac tion . This same 
work fu rth er suggests th a t im purities in commercial BMIs act as rad ica l 
in it ia to rs , but th a t a ir  generated peroxides play l i t t l e  i f  any ro le  in the 
polymerisation. In order to  obtain complete cure of BMIs in a reasonable time, 
fa ir ly  high cure and postcure tem peratures are  required, a lte rn a tiv e ly , the 
u ti l is a tio n  of c a ta ly s ts  enable BMIs to  be cured using standard equipment a t 
around 170°C.
Peroxides are su itab le  rad ica l c a ta ly s ts  for BMIs, with peroxide containing 
compounds being developed sp ec ifica lly  for th is  task*122*. Additionally, BMIs 
can undergo an ionic homo-polymerisation*7,3*, with basic c a ta ly s ts  such as 
diazobicyclo- <2,2,2 )-octane (DABCO) and imidazoles such as 2-methylim idazole (2- 
MI) being especially  recommended for commercial applications*213*.
Work by Cubbon*7-3* suggests th a t the product by e ith e r  c a ta ly tic  ro u te  is  
the same, e ssen tia lly  threo d i- iso ta c tic  configuration, with occasional th reo  d i-  
syndio tactic  placements d isrup ting  the c ry s ta llin ity , K inetically, the reaction  
is  proposed to  be f i r s t  order, with s tu d ie s  by Galanti*33* suggesting th a t the 
ra te  is  d irec tly  influenced by the length of the bridging group (in the case of 
a lip h a tic  BMIs) between reac tiv e  term inal groups. An increase in the length  of 
the bridging group was observed to  lower the ra te , due to  the e ffec tiv e  d ilu tio n  
of reactive  end groups with increasing chain length. These findings are  in 
agreement with those of Hummel e t al, based on IR spectroscopic 
determ inations*113*, who suggest th a t BMI polymerisation is  pseudo f i r s t  order 
up to  a conversion of some 20-30%, but propose v iscosity  e ffe c ts  to  be 
responsible for the varia tions in ra te  and activation  energy with chain length.
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3.1.2.2 Co-Polymerisation o f BMIs
In addition to the above homo-polymerisation, BMIs show a se r ie s  of very 
usefu l co-polymerisation reactions. These may occur e ith e r  through the reactiv e  
double bond, or via the e lectron  d e fic ien t carbonyl carbon, the former being the 
more common. The Michael addition has already been mentioned briefly , being a 
major fie ld  of in te re s t  covered in d e ta il by previous , workers 
<2 3 ,70 ,71 ,72,13 7 ,186,20.5,206,214,£i s,243 5( yielding usefu l polymers of high
molecular weight such as the poly-aspartim ides described by Crivello*7'0 *.
Possibly the most usefu l co-reaction behaviour displayed by BMIs, and th a t 
of principal in te re s t in th is  work is  the p o ten tia l of the electron  defic ien t 
double bond as a dienophile in Diels-Alder processes*13' 133*. Styrene shows a 
u sefu l Diels-Alder type addition reaction  with maleic anhydride*33' 117*, which 
has led to the development of modified BMI res in  systems*223*. The mechanism 
and consequences thereof are described in d e ta il in subsequent sections.
The other co-polymerisation reaction  of BMIs which is  of in te re s t in th is  
work is  th a t with a lly lic  double bond containing compounds, the  so -ca lled  ’ene1 
reaction. This reaction  is  proposed to  occur between a lly l functionalised  
aromatic compounds and BMIs leading to  a linear chain extension. This has 
a ttra c te d  considerable in te re s t, forming the basis of commercial re s in  systems, 
designed to  improve the frac tu re  p roperties  of formulated and unformulated 
BMIs*13**'213'217’*.
3.2 Properties o f Bis-Maleimide Polymers
BMIs have become a very important c lass of compounds in the f ie ld  of 
thermoset resins, th e ir  importance being in re la tio n  to  the improvements they 
o ffe r  over estab lished  systems. In the context of th is  work, i t  is  u se fu l to 
b rie fly  mention some general c h a rac te ris tic s  of BMI systems as p re- 
impregnatable thermoset m aterials
3.2.1 A dvantages o f  BMI r e s in s
The driving force fo r the development of any new res in  concept has to  be 
the v iab ility  of the system under consideration to  o ffe r improved performance 
over those curren tly  used; the increasing demands of aerospace for improved 
re s in s  have already been outlined. BMIs o ffe r  very usefu l improvements in 
term s of high tem perature performance over the epoxy systems they are proposed 
to replace, ra tin g  1.1 tern among re s in  systems with the highest use capability .
Commercial therm osets are generally  used under atmospheric conditions, 
which requ ires th a t high tem perature performance, a high Tg and soften ing  point, 
alone are in su ffic ien t. What is  required is  high therm o-oxidative s ta b ility , 
which can also be likened to general chemical resistance, a property which can 
be controlled to some extent by considering backbone composition. An important 
fac to r to  be considered in th is  respect are the p o ten tia l m oisture absorbance 
c h a rac te ris tic s  of the matrix, which can lead to  p lasic isa tio n  of the m atrix and 
premature fa ilu re  by ro u tes  other than th a t fo r thermally induced fa ilu re . Pure 
therm al fa ilu re  is  ra re ly  encountered, with fa ilu re  generally  being induced a t 
lower tem peratures by o ther factors.
BMIs, by v irtu e  of the reactive  double bond, show considerable p o te n tia l as 
compatible co-polymers with a wide varie ty  of m odifiers and o ther monomers. 
The p o ten tia l th is  o ffe rs  in terms of formulation and property enhancement is  
thus equally wide and form the basis  of many commercial systems with improved 
p roperties  over those of unmodified BMIs. This is  an important fac to r to  be 
considered i f  matrix p roperties are to  be ta ilo red  to  take account of d is tin c t 
p roperties  of the base resin .
The f in a l noteworthy benefit, one of importance in a commercial context, is  
the cost and the synthesis of BMIs. The s ta r tin g  m aterials are cheap, w hilst 
syn thesis  is  stra igh tfo rw ard  and uncomplicated. The re su lt of th is  is  th a t on a 
p roperty /cost basis BMIs are very a ttra c tiv e . The only drawback in th is  respec t 
is  the p o ten tia l to x ic ity  of a diamine based compound, the precursor diamines 
and the BMI product are both p o ten tia l carcinogens. This however is  a commonly 
encountered problem when one considers the widespread use of diamine curing 
agents for epoxy resins, and the hazardous syn thesis of competing re s in  systems.
-  78 -
3.2.2 D isad v an tag es  o f  BMI r e s in s
As is  the general case when polymer p roperties  are considered, 
advantageous p roperties  are invariably o ffse t by accompanying disadvantageous 
fea tu res. BMIs are  no d iffe ren t in th is  respect, and a degree of tra d e -o ff  in 
p roperties  is  a consequence.
BMIs are  high melting point, c ry s ta llin e  compounds, which p resen ts  problems 
a t the processing stage. The high c ry s ta llin e  melting point makes the  
favourable 'ho t-m elt' prepregging process (Chapter 5) d if f ic u lt, bearing in mind 
the high energy requirem ents to  melt la rge  q u a n titie s  of such compounds. This 
can be overcome to  an ex tent by m odification of the backbone and carefu l 
formulation, a lte rn a tiv e ly  a le ss  favourable solvent impregnation ro u te  can be 
u tilised . However an associated  problem th a t requ ires ca re fu l consideration is  
th a t of a very small processing window for BMIs.
The so called processing window describes the length of time and/or the 
tem perature range in which the res in  has adequate flow fo r processing but has 
not s ta r te d  to  gel to an undesirable extent. Because BMIs are ty p ica lly  high 
melting th is  processing window is  generally  very narrow, ie  BMIs tend to  cure 
within a few degrees of melting. In the course of th is  work i t  was found th a t 
pure BMIs show concurrent melting endotherm and cure exotherm, such th a t cure 
occurs immediately upon melting, making d is tin c tio n  between the two processes 
very d iff icu lt.
These two problems taken together make processing a problem, hence an 
enormous e ffo r t  has been made to  produce low melting BMI form ulations with an 
acceptable processing window, thereby reducing energy requirem ents (and cost) 
and improving the handling c h a rac te ris tic s  of such compounds a t the processing 
and lay-up stage.
By far the b iggest drawback of BMI systems however, is  th a t of poor 
toughness*131*; unformulated BMI homo-polymers tend to be strong, but of high 
modulus and b r i t t le ,  making them unsuitab le for physically demanding 
environments, th is  poor toughness being a d irec t consequence of high c ro ss-lin k  
density. With two reactive  o le fin ic  groups per molecule, BMIs cure to  a highly
cross-linked  th ree dimensional matrix, the absolu te physical p roperties  being 
dependent on the cure schedule and the chain length between c ross-links. The 
e ffe c t of backbone s tru c tu re  and chain length between c ro ss-links is  common to 
therm oset re s in s  and has already been discussed. The cure p roperties  however 
are a fea tu re  of the re a c tiv ity  of the maleimide double bond, and should be 
b rie fly  mentioned.
A fea tu re  of the coincident melt and curing behaviour of BMIs is  the rapid 
cure behaviour to  gelation. This re s u lts  in a so lid ified , but incompletely cured 
re s in  with poorer high tem perature p roperties  when compared with fu lly  cured 
analogs. The poorer high tem perature performance is  due to unreacted end 
groups and monomer un its  o ffering  an eas ie r rou te  to  thermal and thermo- 
oxidative degradation. In order to  achieve fu ll  cure, and hence maximum therm al 
performance a rigorous post-cure  treatm ent is  required. This is  not desirab le  
in terms of physical performance, and is  a lso  expensive in terms of energy 
expenditure. Extended post-cu re  leads to a highly cross-linked network, with 
the incumbent problems in terras of toughness. In addition, therm al s tre s s e s  
induced by such treatm ent also present problems in terms of physical
performance ch a rac te ris tic s , such s tre s s e s  o ffe r a rou te  to  premature fa ilu re  in 
the cured matrix, or a lte rn a tiv e ly  lead to  microcracking within the network,
which o ffe rs  an undesirable route to  rapid m oisture uptake.
In order to overcome these disadvantages, but re ta in ing  the a ttra c t iv e  
p roperties  offered by BMIs, extensive formulation is  required. Formulation 
involves p re-reaction  of the BMI component (s) with reactive  monomers, additives, 
elastom ers and other processing aids in order to modify the handling and use 
p roperties  of the system. Ideally, any co-monomer should serve both as a 
reac tiv e  diluent, improving flow and processab ility , and as a toughening 
modifier, improving the physical toughness of the cured matrix. Considerable 
e f fo r t  has been expended in the improvement of BMI performance by form ulation 
with co-monomers. Some have been mentioned above, w hilst o thers, in p a rtic u la r
a lly l and propenyl functionalised  co-monomers a re described in Section 3.4.
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3.3 Commercial BMI systems
DDM-BMI is  the most widely u tilis e d  BMI component in commercial blends and 
res in s, th is  is  a d irec t re su lt of i t s  low cost and high performance. However, 
DDM-BMI req u ires  considerable formulation and s k i l l  in handling. The re su lt  of 
the high c ry s ta llin e  melt tra n s itio n  requ ires  th a t BMI re s in  components requ ire  
form ulation to  give highly concentrated so lu tions in v o la tile  solvents, or hot 
melt preimpregnatable systems. Commercial systems are invariably o ffered  as 
preform ulated systems, offering  consisten t performance under a standard ised  
treatm ent.
One successfu l commercial system, and th a t used in th is  study as a BMI 
containing component is  Compimide 353 (C-353)C211 avai l able from
Technochemie GmBH, Dossenheim, Germany. This re s in  is  described as a nearly 
eu tec tic  blend of unformulated basic BMIs of extremely low melting point, 
proposed to  overcome the problem of the typ ica lly  poor BMI processing window, 
soften ing  in the range 40-70°C, and forming a low v iscosity  melt a t  llCTC, 
which shows no tendency to advance, ie  prepolymerise, on extensive heating a t 
110°C. These p roperties make C-353 an a ttra c t iv e  proposition fo r hot melt 
prepreg applications, although in th is  study i t  was found eas ie r to  use le ss  
technically  demanding solvent prepregging processes.
Other commercial BMI systems are  generally  o ffered  as co-polymer blends, 
designed to  o ffe r improved toughness and p rocessab ility . Michael addition 
adducts co n stitu te  the m ajority of these commercial blends. Rhone-Poulenc, 
France, o ffe r  the most well known of the Michael adduct m aterials, Kerimide 
601c23:> (figure  3.3.a). This resin  is  a poly-aminobis-maleiraide, prepared by 
prereacting  DDM-BMI with b is -  (4-aminophenyl)methane to  form a maleimide 
term inated Michael adduct prepolymer. The res in  finds application mainly as 
g la ss  reinforced m aterials in prin ted c irc u it boards, fo r which long term high 
tem perature performance is  not of primary concern.
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Figure 3.3.a
The disadvantage of th is  approach, which is  to  some extent common to  most such 
chain extended resin s, is  th a t of so lu b ility . Processing is  often  only possible 
through d isso lu tion  in high boiling solvents. In the case of Kerimide 601 the 
imide is  prepolymerised to  such an ex tent th a t i t  is  only processable in N- 
methylpyrolidone. The use of such so lvents p resen ts problems of re s id u a l 
solvent re ten tio n  and void formation in the fin a l composite, which, fo r aerospace 
type applications c rea tes  undesirable problems.
Technochemie also o ffe r a number of v a ria tions on th is  theme. Compimide 
795 and 183 are based on the Michael adducts obtained by reacting  BMIs with 
aminobenzoic acid hydrazideC21'7':2',®:\  I n i t ia l  reaction  is  e sse n tia lly  the same 
as th a t observed in the case of a diamine Michael adduct, but a t la te r  s tages 
though the amino group of the hydrazide group is  also  capable of Michael 
addition. This approach a llev ia te s  the problems of p rocessab ility  as the 
prepolymer shows so lu b ility  in more v o la tile  so lvents than those ty p ica lly  used. 
Compimide 795 is  formulated sp ec ifica lly  for hot /melt preimpregnation 
applications, w hilst Compimide 183 is  designed for so lu tion  prepregging systems.
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Interm ediate between these two reaction  concepts is  another Compimide BMI, 
751. This product u t i l is e s  the reaction product of maleimidobenzoic acid 
chloride and £is-(4-aminophenyl)me thane in a ra tio  between 2:1 and 1:1 
respectively . This resin  concept is  claimed to  o ffe r a ttra c t iv e
e x te n s ib il i ty '2113, a re su lt of the backbone s tru c tu re  between c ross-link ing  
s ite s .
An a lte rn a tiv e  approach is  th a t commercialised both by Technochemie and 
Ciba-Geigy, namely co-reaction with o lefin  functionalised aromatic compounds. 
The Ciba-Geigy res in  approach, named Matrimid 5292 is  a two component system 
consisting  of DDM-BMI C5292A) and bis-2,2'-<3-allyl-4-hydroxyphenyl)propane 
(DABA, 5292B). DDM-BMI is  proposed to  c o -re a c t '13° '257:’ with DABA via the a lly l 
functionality  to form a toughened BMI system. Technochemie o ffe r  a range of 
so -called  toughening modifiers containing a lly l or propenyl functions, 
sp ec ifica lly  intended for BMI modification, these  commercial systems, and the 
associated  background theory are su ffic ien tly  important to  warrant a de ta iled  
discussion in subsequent sections.
A common source of BMI m aterials is  as commercial prepreg systems, re s in s  
which have already been coated onto reinforcing  fib res  and are  ready fo r use as 
autoclave mouldable m aterials. The most successfu l of these products appears 
to  be US Polymeries V378A, which is  a blend of BMIs modified with 
divinylbenzene, phenoxy resin  and polysulphone'163 -226 '227:i, Other commercial 
system s include products from Avco, Narraco, Cyanamid, Ciba-Geigy, F ib e rite  and 
Hysol-Dexter, many of which are based on commercial BMI systems availab le  as 
neat re s in s  from other vendors. The form ulations used in the prepreg 
production are invariably kept propriety, the number of vendors in the fie ld  
being indicative of the p o ten tia l market,
3.4 Toughening Concepts for BMIs
Formulation of BMIs is  e sse n tia l in  order to  produce reasonably 
processable, po ten tia lly  tough products. With regard to  toughness improvements 
a wide varie ty  of concepts have been proposed and investigated . Such systems
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which have achieved a degree of commercial acceptance have already been 
mentioned, the background to  these various approaches is  outlined here.
3.4.1 Structural Considerations
Without the use of co-reactants, the most obvious approach to  BMI 
toughening is  th a t of backbone modification. The basic ru le s  fo r attainm ent of 
high tem perature p ro p ertie s  must be remembered, hence aromatic backbones are 
invariably u tilised , with the same trends outlined e a r l ie r  being equally 
applicable to  BMI synthesis. However a varie ty  of m odifications can s t i l l  be 
exercised, with chain extension and m odification between maleimide term inal 
groups being especially  prominent.
A reasonably stra igh tforw ard  approach is  simply to  extend the  bridging 
group by incorporation of additional units. This has been employed to  produce 
four ringed BMIs*1033 which are claimed to  o ffe r improved Tg and moisture 
res is tan ce  over epoxies, w hilst being hot/m elt processable. At the  other 
extreme, amine term inated poly-ethersulphone of low molecular weight can be 
imidised to  produce maleimide term inated sulphone-ether diamines*1 (figure 
3,4.1.a) . On thermal cure these c ro ss-lin k  to  form therm oplastic bridged 
therm osetting compositions with good thermal, mechanical, adhesive and 
fabrication  properties. Similarly, a poly-imide type backbone has a lso  been 
investigated*-733, th is  la t te r  approach however seems to  su ffe r  from problems in 
p rocessability , only being so lu tion  processable with d iff icu lty .
F igure  3 .4 .1 .a
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Compimide 751521 ,i33, which has already been mentioned here, can also  be 
considered as a modified BMI. In th is  case the diamine precursor is  reacted 
with maleimidobenzoic acid chloride to  form an extended amide bridged b is -  
raaleimide. The amide linkages would reasonably be expected to  introduce some 
f le x ib ility  over a mainly aromatic backbone, w hilst the  same amide groups o ffe r 
an a lte rn a tiv e  p o ten tia l co-reactive s i te  for BMIs w ithin the backbone i ts e lf .  A 
near id en tica l backbone has also  been suggested by Hsu e t  a l51is3, u tilis in g  
maleimidobenzoic acid chloride and diaminobenzene to  form a th ree  ringed 
aromatic amide backbone.
An unusual diaminophenylindane derived bridging group is  o ffered  by Ciba- 
Geigy's RD85-101 re s in  concept < 1-7.1e.se:>, This BMI o ffe rs  good so lu b ility  with a 
low melt tem perature su itab le  for hot/m elt prepreg systems, leading to  good 
cured resin  mechanical properties, with good property re ten tio n  a t elevated 
tem perature. In addition i t  is  said to  show good re a c tiv ity  towards 
diamines05533 and a lly l containing m odifiers51-7' -, 53'ee3.
3.4.2 Toughening via Co-polymerisation
The widest a lte rn a tiv e s  for BMI toughening are o ffered  by co­
polym erisation with other reactan ts . These therefo re  represen t the  m ajority of 
the toughened BMI fie ld , and are b rie fly  outlined below.
3.4.2.1 Aspartimides
Chain extension via Michael addition with nucleophiles is  a popular and 
e ffec tiv e  means of BMI toughening. Many p o ten tia l nucleophiles have been 
investigated  including phenols5Qe *2113, carboxylic ac id s5®-73, m ercaptans52463 and 
azomethines5553. The most successfu l of these nucleophiles are the diamines, 
forming aspartim ides524'7-533 on reaction with BMIs, with development of such 
systems a ttra c tin g  in te re s t even before BMIs themselves had gained 
acceptance51 37 3.
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Kerimide 601 has already been mentioned as a successfu l commercial 
aspartim ide system. The basis of such chain extension uses the same princip les 
suggested for backbone modification between maleimide term inal groups in 
Section 3.4.1. In the case of aspartim ides the inherent re a c tiv ity  of the 
maleimide functionality  is  u til is e d  to  achieve sim ilar backbone m odifications. A 
wide varie ty  of diamines have been proposed as Michael adducts, the range 
extending from simple aromatic diamines, as for Kerimide 601, up to  controlled 
molecular weight amine term inated poly-ethersulphone m ate ria ls5127-3.
More exotic aspartim ides have been synthesised by Stenzenberger5214'21 S3, 
u tilis in g  dihydrazides to form aromatic amide bridged compounds, not d issim ilar 
to  the Compimide 751 system described previously. Amine term inated poly -  
imide type backbones, containing pyridine linkages in the backbone have recently  
been postu lated  by Pascal e t  When reacted  with th e ir  analogous
BMIs to  form a semi-2-IPN, these  were found to  give products with desirab le
mechanical property re ten tio n  a t elevated tem perature. I t  should be noted
though th a t th is  IPN can not be described as a tru e  aspartim ide as co-reaction 
would only be expected to  occur to a lim ited extent, th is  is  evidenced by th is  
system displaying two Tgs, indicative of IPN formation as opposed to  co­
polymerisation.
Despite extensive research, aspartim ides do not appear to - provide the ideal 
so lu tion  to  the toughness problems associated  with BMI systems. Thermal 
s ta b i l i ty  is  generally  poorer than th a t of analogous BMIs, however
p rocessab ility  is  improved, a fu rth e r example of the tra d e -o ff  of p roperties  
common in the development of high thermal performance m aterials.
3.4.2.2 M odification by Co-Reaction with Unsaturated Reactants
The use of functionalised  m odifiers in the toughening of BMI system s has 
been a subject of general in te re s t for some time, with a number of references 
appearing in the li te ra tu re . Two areas in p a rticu la r appear to  have a ttra c te d  
specia l in te re s t -  co-reaction with ally l/p ropenyl containing m odifiers and 
modification via rubber toughening.
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The la t t e r  approach has been u tilis e d  sp ec ifica lly  to  obtain BMI based 
adhesives with improved shear s treng th  and high tem perature performance.
Kinloch and Shaw*131 ^ 32 5 describe BMI systems modified by the incorporation of 
carboxyl-term inated acry lon itrile -bu tad iene  (CTBN) rubbers. This same approach 
has been applied to  toughening of epoxiesc2213 and o ther m atrices*2223. A
fo rty -fo ld  increase in toughness is  claimed for Compimide 353 BMI systems when 
modified with 10% phr CTBN rubber, with only a small penalty in terms of 
Tg<1325. Modulus is  observed to  decrease with increasing CTBN addition, but a t 
low CTBN content th is  is  not claimed to  be s ig n ifican t, which makes such systems 
su itab le  for high tem perature adhesive applications. Unlike epoxy systems, CTBN 
rubber is  not compatible with BMIs (C-353), hence no p re-reaction  occurs,
instead, co-reaction occurs during cure, via the rubber backbone double bonds, 
to  form a phase separated s tru c tu re  consisting  of BMI-CTBN and homo-BMI phases. 
This phase separation  is  e ffec tiv e ly  id en tica l to  th a t observed in rubber- 
toughened epoxy systems*1003. The unfortunate drawback of th is  approach is  a 
sign ifican t reduction in therm o-oxidative s ta b ility , 50% CTBN incorporation 
re su ltin g  in a halving of the degradation tem perature observed by Thermo-
Gravimetric Analysis (TGA)*2 1 1 3.
A llyl containing co-reactants
An a lte rn a tiv e  toughening approach is  th a t of co-reaction with pendant 
o lefin ic  groups, a l ly l*257' 3 or propenyl. Such approaches are well estab lished , 
with a number of commercial systems being based on the concept. This work 
includes s tu d ies  on both c lasses  of reactan t, with the emphasis on propenyl 
functionalised cyanate e s te rs  as reactiv e  co-monomers.
The mechanism by which a lly l groups are proposed to  react with BMIs is  
i l lu s tra te d  in figu re  3.4.2.2.at
-  87 0
+ N - R -
0
'ENE1
^ 7 '
, K1
DIELS"ALDER I — R-
R
R
F igu re  3 .4 .2 .2 .a R-
-  88 -
In the case of the a lly l functionality , reaction  is  proposed to  proceed via a 
two step  processt2S6>, The f i r s t  s tep  involves an 'ene' reaction  between the 
a lly l group and a BMI vinyl group, y ielding a 1:1 adduct bridged with a propenyl 
type moiety. This interm ediate has been iso la ted  by Zahir e t a lcz&e> and 
iden tified  by 13C NMR spectroscopy. 13C NMR analyses conducted by Carduner and 
C hatta<4B<AS:> also  agree with the  proposed formation of th is  interm ediate. The 
proposed second s tep  is  a D iels-Alder type addition reaction  between th is  
propenyl bridged interm ediate and a second BMI residue. I t  is  e s se n tia l to note 
a t th is  point th a t the propenyl in term ediate may ex is t as e ith e r the c is -  or the 
trans-  isomer, and these isomers would be expected to  react a t d iffe ren t ra te s .
In order for the Diels-Alder s tep  to  occur i t  is  necessary for the 
propenyl interm ediate to  adopt the s - c is  configuration i l lu s tra te d  in figu re  
3.4.2.2.b below:
Both the c is -  and the trans-  isomers are capable of adopting th is  s - c is  
configuration, but in the case of the c is -  isomer th is  involves bringing a bulky 
succinimide residue towards the diene reactiv e  centre, thus the c is -  isomer is  
s te r ic a lly  le ss  favourable than the trans-  and would therefo re  be expected to  
show diminished re a c tiv ity  a t th is  stage.
The fin a l stage  is  proposed to  involve a rearrangement of the double bond 
in the Diels-Alder adduct to  reform the term inal aromatic moiety. Thus the 
overall reaction is  seen to  be an addition of 2 moles of maleimide to  a s ing le  
a lly l functionalised  aromatic centre. DSC stu d ies  described within th is  th e s is  
suggest th a t these processes can not be easily  separated, the deduction being
Figure 3.4.2.2.b
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th a t a l l  s tep s  occur simultaneously. Thus i t  appears th a t the Diels-Alder s tep  
would be expected to  occur immediately subsequent to  the ‘ene* process. The 
evidence suggests th a t propenyl m oieties show a t le a s t sim ultaneous reaction  
with, and qu ite  plausibly, enhanced re a c tiv ity  towards BMIs compared with a lly lic  
modifiers; th is  has important consequences fo r the analyses within th is  study.
Such an a lly l functionality  forms the reactiv e  d iluent in the Ciba-Geigy 
Matrimid 5292 system *30 ' 130 as bis-2 ,2’-  (3-allyl-4-hydroxyphenyl)propane ©ABA), 
which has been the subject of quite  considerable in te re s t* 35'53'60'613. DSC 
an aly sis*53 '603 of the cure process shows two exothermic peaks, one proposed to  
be the two step  'ene*/Diels-Alder process, the o ther BMI Aomo-polymerisation. 
Dynamic Mechanical Analysis s tu d ie s  by Chatta and Dickie*553, suggests th a t a 
1:1 ra tio  of DDM-BMI:DABA provides the best compromise between mechanical and 
thermal p roperties and processability . Analyses as carbon fib re  reinforced  
composites*6 1 3 suggest th a t Matrimid 5292 shows high Tg and mechanical 
p roperties in comparison with epoxies, with wet property re ten tio n  up to  a 
respectable  200 °C. The drawbacks of th is  system however, seem to  be an 
increase in water absorption, coupled with v o la ti l i ty  problems associated  with 
the bis-phenol component, leading to  fab rica tion  problems.
Allyl functionalised co -reactan ts are also  marketed by Technochemie under 
the trade name TM121 *S1-73, which is  proposed to  be su itab le  fo r both wet 
filam ent winding and res in  tra n s fe r  moulding processes*3 '32' 137,3. As with 
Matrimid 5292, excess modifier tends to  degrade high tem perature p roperties  
such as Tg arid e la s tic  modulus. TM121 is  described, and i t s  co-reaction with 
BMI analysed elsewhere in th is  thesis.
Abraham*33 describes an extended six  ringed, sulphone-ether bridged a lly l 
modifier. This would reasonably be expected to  overcome the v o la ti l i ty  problems 
associated with DABA, w hilst incorporating short therm oplastic-type bridging 
groups to  reduce c ross-link  density. To date, i t  is  not known what 
thermal/mechanical te s tin g  has been conducted on such a system, but i t  would 
appear to  be a ttra c tiv e  i f  the syn thetic  rou te  i s  su itab ly  stra igh tfo rw ard . 
Work conducted during the production of th is  th esis , but not reported  herein 
suggests th a t th is  is  quite  possibly the case.
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P ropenyl c o n ta in in g  c o - r e a c ta n ts
BMIs are highly reactiv e  dienophiles, and as such show a Diels-Alder 
reaction  with a number of d ienes0 5 '52' 133' 140' 1353. Propenyl functionalised 
aromatic compounds can show the appropriate  stereochem istry for reaction  as the 
diene function, and are hence su itab le  co-polymers.
Propenyl containing compounds are  e ssen tia lly  su b stitu ted  styrenes, BMIs 
showing a near iden tica l reaction  with styrene. Early work by BriicknerC33'333 
and by Hudson and Robinsonc1173 demonstrated the fe a s ib il ity  of a co-reaction 
between styrene and maleic anhydride. The p o ten tia l of th is  co-reaction was 
la te r  recognised in the patent l i t e r a t u r e ^ 253. The widespread use of such 
Diels-Alder co-polymers has been achieved through US Polymeries V378A resin  
system, e ffec tiv e ly  a BMI/divinylbenzene co-reactive mixture, the application of 
which in aerospace s tru c tu re s  has been mentioned b rie fly  in Chapter 1.
Commercially, propenyl co-polymers are availab le as toughening m odifiers 
from Technochemie under the tradenames TM123 and TM796, both of which are 
benzophenone bridged compoundsc215 \  Sulphone bridged propenyl m odifiers have 
also been investigated  by Stenzenberger e t  a l<22° 3 and by Abraham*33. These 
propenylphenoxy type m odifiers show a number of desirab le  p roperties  as co­
reac tan ts  for BMIs. They are  low melting, making them su itab le  for m elt- 
blending, and show a su itab ly  low co-reaction tem perature <170-230*0 with BMIs, 
coincident with the region expected for BMI homo-polymerisation. I f  the 
proposed reaction  mechanism, described below, is  considered, i t  can be deduced 
th a t propenyl m odifiers would reasonably be expected to  undergo complete 
reaction  with BMIs. TM796 has been investiga ted  by Stenzenberger e t a l and 
others, both as a matrix for carbon fib re  composites” 5 1 ' 130'221 '230 '2313 and as 
a therm oplastic toughened system C2223. These s tu d ie s  suggest th a t propenyl 
containing m odifiers have the p o ten tia l to  produce very tough re s in  systems.
The proposed co-reaction between maleimide and propenyl fu n c tiona lity  is  
not d issim ilar to  th a t involving the a lly  lie  functionality , but by consideration 
of the proposed mechanism, and the r e s u lts  obtained in th is  study i t  appears to
-  91 -
o ffe r  some advantages over the l a t te r  process. The propenyl/maleimide addition 
reaction  scheme is  i l lu s tra te d  in figure 3.4.2.2.c.
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E ssen tia lly  th is  addition reaction  is  proposed to  proceed by a single 
Diels-Alder process, iden tica l to  th a t of the second step  in the addition of 
maleimide to a lly l groups, followed e ith e r  by addition of a second maleimide 
moiety to  the Diels-Alder product, forming a 2:1 adduct, or more plausibly, an 
arom atisation s tep  to  form a s tab le  1:1 adduct, although the p o ssib ility  of an 
'ene' reaction  a t the f i r s t  s tage  is  a lso  reasonable and must not be discounted 
as an a lte rn a tiv e  reaction  route. Evidence for the proposed Diels-Alder route 
is  provided by Pater e t al, who obtained products consisten t with such a D iels- 
Alder mechanism from the reaction  of acetylene functionalised arom atics with 
B M I s <:i'7So  Zahir e t al have shown previously th a t o-propenyl phenols show 
enhanced re a c tiv ity  over o -a lly l phenols<:2S,s:> toward maleimide groups. I t  can 
be surmised th a t th is  enhanced re a c tiv ity  is  due to  s te r ic  fac to rs , e ssen tia lly  
sim ilar to those discussed above for a lly l  functional groups.
In the case of propenyl group addition to  maleimides, the s te r ic  hindrance 
inherent in the c is -  isomer is  due to  the presence of the methyl group, th is  
plausibly suggests th ree  reasons fo r the enhanced re a c tiv ity  of propenyl over 
a lly l groups towards BMIs. F irstly , the 'ene' reaction  e sse n tia l for a lly l  co­
reaction  may be le ss  favourable than the Diels-Alder process required for 
propenyl addition. Secondly, the methyl group of the propenyl interm ediate 
o ffe rs  le ss  s te r ic  hindrance than the bulky succinimide group formed from the 
'ene' reaction of the a lly l group, re su ltin g  in a le ss  favourable addition in the 
l a t t e r  case. Finally, ro ta tio n  of th is  bulky succinimde moiety to  achieve the 
necessary s - c is  configuration for Diels-Alder reaction  would be expected to  be 
much le ss  favourable than th a t of the propenyl methyl group, with s im ilar 
consequences.
These th ree  fac to rs  a l l  o ffe r p lausib le  explanations for the apparent 
enhanced reac tiv ity  of propenyl modifiers. Despite th is , the enhanced re a c tiv ity  
is  unusual in th a t propenyl su b s titu ted  arom atics are considerably more s tab le  
than a lly l su b s titu ted  aromatics, by v irtu e  of the conjugation of the propenyl 
double bond with the aromatic ring, which would imply th a t the  a lly l 
functionality  is  the more reactive. What must be remembered however, is  th a t in 
th is  case the a lly l and propenyl fu n c tio n a litie s  are proposed to  undergo 
d iffe ren t f i r s t  s teps in the maleimide co-reaction, thus th e ir  p o te n tia l 
re a c tiv ity  cannot be reasonably compared in such a case. These proposed co-
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reaction  mechanisms are discussed fu rth e r in Chapter 6 , where some corre la tion  
with composite p roperties  is  outlined.
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Chapter 4
Oyanate Esters
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4.1 Introduction to  Cyanate E sters
Cyanates represen t a u sefu l family of thermoset polymers, capable of
polym erisation via reac tiv e  cyanate e s te r  <-0-C=N> groups to  form tough 
thermoset m ateria ls with good therm al and therm o-oxidative cap ab ility *90,121 *. 
To date, th e ir  major application has been in prin ted  c irc u it boards (PCBs), by 
v irtu e  of th e ir  low m oisture uptake, low d ie le c tr ic  loss p roperties  and high 
purity  in comparison with the more conventional BMIs and 
epoxies*113,109,190,199,200,201,202:>. Cyanates are now a ttra c t in g  in te re s t  as
p o ten tia l s tru c tu ra l  m a te ria ls*1192 generally  as co-polymers with epoxies and
BMIs*6' 14-9' 1025. In th is  respect the good thermo-mechanical p ro p ertie s  are  most 
important, but in addition th e ir  inherent low tox ic ity  when compared with 
diamine hardened epoxies, and the c h a rac te ris tic  volume expansion a f te r  gelation  
(leading to  minimal cure shrinkage) are also a ttra c tiv e .
4.1.1 Structure o f Cyanate E sters
The s tru c tu re  of cyanate e s te rs , figure  4.1.1.a, is  qu ite  simple, being 
very sim ilar to  the more common n i tr i le s .  The bridging oxygen atom however is  
of fundamental importance, and conveys in te re s tin g  properties. Unlike the
isomeric isocyanates commonly used in the syn thesis  of poly-urethanes, the most 
in te re s tin g  reaction  of cyanates is  a thermal cyclisa tion  reaction  to  form a 
s tab le  triaz in e  ring, which is  subsequently discussed in g rea te r d e ta il.
R - 0 — C = N
F ig u re  4 .1 .1 .a
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4.1.2 S y n th e s is  o f  C yanate E s te r s * 1'7* 3
The syn thesis  of cyanate e s te rs  was f i r s t  investigated  in the  mid 19‘th 
century<eA' 1 eo?. The technique a t th a t time u tilis e d  the reaction  of alkoxides 
or phenoxides with cyanogen h a l i d e s 1 e,s' 1 s'£0, but did not lead to the 
iso la tion  of cyanate e s te rs , e s te rs  of cyanuric acid (figure 4.1.2.a) instead 
being the major product via a carbonic acid im inoester 
in term ediatec 1 °® •1 1 00' 199:3.
Stroh and Gerber^ 2103 and o th e rs ° 103 were however successfu l in syn thesising  
aromatic cyanate e s te rs  from s te r ic a lly  hindered phenols (figure 4.1.2.b):
R0\ /OR
O R
Figure 4.1.2.a
R R
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K O I
R R
F ig u re  4.1.2.b
where R = t-C4H.3 and R' = CSHS
New syn thetic  methods were proposed in 1964. Martin e t al synthesised 
both a lipha tic  and aromatic cyanates by the therm olysis of 1,2,3,4-
th ia tr ia z o le s 0  84,1 e s ' 1 SIS' 1 sr:>, figu re  4.1.2.c<top>. Meanwhile, Jensen and
Holm0 2 4 3  suggested an a lte rn a tiv e  rou te  for the syn thesis  of a lip h a tic  
cyanates, figu re  4.1.2.c (bottom):
s /
NaOH N0N ,  \  /
ArOH +  CSCIo -►  A r O - C - C I  — — ►  A r O ~ C = N  — ►  A r - O - C
z  II " S
S
1 / 2  R O - C S - S — S - C S - O R  — ►  R O - C S - C I
S  N - n 2\ / -----£_► R
R O — C =  N - s
D n _ r c  m u  m u .  / " ' H N O 3RO— CS—  S - C H 2—  COOH R O — C S —  NH— NH2
R — N = C = 0
Figure 4.1.2.C
The f i r s t  in d u s tria lly  applicable syn thesis  of cyanate e s te rs  was proposed 
by Grigat and P titte r<38'£,eo, in which phenols are reacted with cyanogen halides, 
in the presence of a hydrogen halide acceptor, in organic solvent (eg. acetone 
or MEK) a t -20 to  +20*C, yielding e ssen tia lly  pure cyanate e s te r s  in near 
q u an tita tiv e  yield:
ArOH +  CNX ►» A r - 0 - C = N
where X = Cl or Br
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Other methods of cyanate syn thesis  have been proposed, some of which are 
discussed in various review papersC00' 1743, these are  le ss  su itab le  in term s of 
syn thetic  complexity, and poor yield and w ill not be discussed fu rther.
\
4.1.3 Commercial Cyanate Systems
Commercial cyanate systems f i r s t  became available in 1976, when Bayer 
AG / Mobay Corp. introduced the experim ental Triazine A resin*1203, th is  resin  
comprised a 70% MEK so lu tion  of a prepolymer of 2 ,2 '-b is -(4 -  
cyanatophenyl)propane, weight average molecular weight ^ 2000. Proposed as a 
replacement for epoxies, by v irtu e  of i t s  claimed superior physical p roperties, 
i t  however showed very poor steam res is tan ce  and was withdrawn in 1978.
M itsubishi Gas Chemical introduced the so -called  BT re s in s 0 0 0 1 3  in the 
la te  1970s, using the Bayer process under licence. These BT re s in s  were 
comprised of blends of 2,2 '- b is - (4 -cyanatophenyl)propane with Ms-maleimides,
and did not su ffe r  from the m oisture problems associated  with the  Triazine A 
resin , but unfortunately  the e le c tr ic a l p roperties  (loss fac to r and d ie le c tr ic  
constant) were le ss  favourable0  ° ' 113. I t  was proposed th a t co-reaction occurs 
between the cyanate and the vinyl group of the b is-maleimidec 00 3, and th a t co­
reaction  is  a lso  possible with epoxy groups. Schimp e t a lc2003 have 
demonstrated th is  co-reaction with epoxies, but i t  is  considered0 - 0,1 :v:' 3, th a t 
co-reaction with BMIs does not occur, with re s u lts  obtained in the course of 
th is  work suggesting th a t a sim ultaneous in te rp en e tra tin g  network is  the  more 
likely  product.
Currently, the major producers of cyanate re s in s  are Hi-Tek Polymers, 
Kentucky, USA, a f te r  acqu isition  of the Bayer patent and manufacturing license. 
A fter successfu l e f fo r ts  to  improve the manufacturing process, and the p u rity  
of the monomers produced, Hi-Tek now o ffe r  a range of cyanate monomer and 
prepolymer system s0  000  s9<2°o<201 <2023, The Hi-Tek range are a l l  reasonably 
simple compounds, consisting  of two or th ree  aromatic ringedC2° 23, alkyl bridged 
cyanates, the sub tle  varia tions in backbone s tru c tu re  imparting d iffe rin g  
processing and cured re s in  c h a rac te ris tic s  on the various products.
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A more complex poly-aromatic dicyclopentadiene based cyanate e s te r  is  
availab le from Dow Chemicals, under the name XU-71787 *2 0 ' 123 3, proposed for 
p rin ted  c irc u it board applications. By v irtu e  of i t s  non-polar backbone i t  
d isplays a ttra c tiv e ly  low d ie lec tr ic  constant and d issipation  factor, but re ta in s  
a high Tg by v irtu e  of i t s  aromatic content. I t  has also been investigated  as a 
su itab le  m atrix for CTBN-type rubber toughening*2®3'25543, offering  "excellent" 
toughness and hot/w et p roperties, without undue depression of Tg or increasing 
processing complications.
More recent additions to  the commercial fie ld  have been offered  by BASF 
GmBH and Hexcel Corp. BASF o ffe r*2073 the Metlbond 2555 adhesive and X6555 
sy n tac tic  foam, the l a t t e r  proposed fo r radome applications. Likewise, Hexcel 
a lso  o ffe r a cyanate foam, su itab le  for radome, a irc ra f t  in te rio r , and fre ig h t 
app lica tions*241 3, both these  foams are reported  to  show improved p roperties  
over the BMI and epoxy systems they are  proposed to  rep lace*2*37'241 3. The 
f i r s t  commercial cyanate based prepreg systems have also  been introduced 
recen tly  by Hexcel*14'53, under the designations HX1553, HX1562 and 561-66. 
They are quoted as showing very low m oisture absorbance, with the advantage of 
low toxic gas (HCN) generation on therm al decomposition. More recently , BASF 
have also  introduced the 5575-2 g lass  and quartz cyanate prepreg 
system s*2 *37'241 3, sp ec ifica lly  for high performance radome applications, based on 
i t s  good mechanical properties, low m oisture absorbance and • a ttra c t iv e  wet 
e le c tr ic a l  properties.
4.1.4 Chemical Properties o f  Cyanate E sters
Cyanate e s te rs  are s tru c tu ra lly  sim ilar to n i tr i le s , but show an enhanced 
re a c tiv ity  over the l a t t e r  c lass by v irtu e  of the e lec troph ilic  oxygen atom. 
Martin and Brause*1®33 deduced th a t the oxygen atom has a pronounced e lec tron  
donating e ffe c t on the aromatic group in  a ry l cyanate e s te rs , sim ultaneously 
undergoing a mesomeric in te rac tion  with the n i t r i le  carbon atom. This conveys 
pronounced e lec tro p h ilic  p roperties  on the carbon atom (figure 4.1.4.a):
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A r — 0 — C = N
Figure 4.1.4.a
Sim ilarly to  n i tr i le s ,  cyanate e s te rs  also  show nucleophilic p roperties, by 
v irtu e  of the n itrogen lone pair and the e lec tron  donating character of the rc- 
bond.
Nucleophiles add read ily  to  ary l cyanate e s te rs  under mild conditions, 
these  reactions being both acid and base catalysed*®00003. Such reagen ts with 
nucleophilic 0, S, or N atoms bearing a single, lab ile  hydrogen atom undergo 
addition, yielding products which in turn  are heat cleavable, yielding the  phenol 
from which the cyanate was derived*®0 0 1 *3'2303. I f  such nucleophiles bear two 
lab ile  hydrogen atoms, a number of products can r e s u l t*®0 0 01 ° 0 2 0 0 3 3; in the 
case of oxygen or sulphur, carbamates or thiocarbam ates respectively  are  formed. 
Water adds readily  to  ary l cyanates, yielding carbamates in near q u an tita tiv e  
yield*®0,1®03. The la t te r  addition reaction  must be considered in the commercial 
application of cyanates, as any carbamate formed can undergo subsequent 
decomposition, lib e ra tin g  C02 which w ill have a de le terious e ffe c t on any 
composite s tru c tu re  so formed. Free primary amines are capable of adding to  
two eqivalen ts of cyanate e s te r, yielding imino-bis-carbaraic esters*®*33.
Carbon-carbon bonds are formed on addition of compounds containing 
nucleophilic carbon*®*33, such as Grignard reagents. Such reactions can a lso  lead 
to  ring closure*®00043, forming s - tr ia z in e  derivatives. E lectroph ilic  addition 
to  cyanate e s te rs  meanwhile proceeds much le ss  readily , which is  explainable 
when one considers the mesomeric s tru c tu re  of the cyanate e s te r  described 
previously.
Addition reactions of p a rticu la r in te re s t  are those proposed to  occur 
between cyanate e s te rs  and maleimides, and with epoxies. Addition to
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raaleimides was proposed by Gaku e t al in the patent l i te r a tu r e 031 ? for the 
previously mentioned BT res in s  from M itsubishi Gas Chemical Corp., the following 
co-polymerisation scheme being proposed (figu re  4.1.4.b>:
0 0
! =  C —  0 — A r — 0 — C = +
0
Ar
I
0
.Ar ' ' Ar
I
Figure 4.1.4.b
I— A r — M
' Ar .
The evidence claimed by Gaku e t al fo r co-polymerisation is  based on two 
observations. F irs tly , the in fra -red  spectrum of homo-cured cyanate and blends 
of cured BMI and cyanate both contain a band a t approx. 2300cm-1 , corresponding 
to  free  (unreacted) cyanate group; th is  band was found not to  be p resent in co­
cured BMI/cyanate observed by Gaku e t a l<sn Additionaly, BMI/cyanate e s te r  
blends were reported to  display fa s te r  ge l tim es when compared to  the separa te  
components. In sp ite  of these claims, unequivocal published evidence has not 
been submitted. Meanwhile, observations made during th is  work do not support 
the occurence of any co-reaction. This has also  been the case for o ther 
workersc 223 >, hence the p lau sib ilty  of any co-reaction is  a t best doubtful.
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Co-reaction with epoxies however has been dem onstratedc5,1 ?, Shimp e t  al 
proposing the following reaction  scheme, re su ltin g  in oxazoline formation:
r - 0 - C = N  +  R — C H — CH2
. V
y
r - o - c ^ n ^ c h 9
I i z
° CS ’
Figure 4.1.4.C
The re su lta n t co-polymers are s ta ted  to  display p rocessab ility  and therm al and 
mechanical p ro p ertie s  very sim ilar to  th a t of the commercial DDS cured MY720 
epoxy system, the advantage being g rea tly  enhanced m oisture res is tan ce  and 
e le c tr ic a l p roperties, achieved by use of copper (IDnapthenate as cure 
c a ta ly s tc 3.
4.2 Polym erisation o f Cyanate E sters
The most important of the addition reactions shown by ary l cyanate e s te rs  
is  th a t of trim erisa tion , forming t r i s - <aryloxy)-s-triazines; the l a t t e r  being 
formed in near q u an tita tiv e  yield on simple heating of the cyanate e s te r . 
Trim erisation is  promoted both by Lewis and protonic acids, and by base ,:eo:\ 
Both Pankratov* 1 and Schimp* 1 99'200'2c,i .2 0 2 > describe the c a ta ly tic  e ffe c t
of phenols on the trim erisa tio n  reaction. This is  an important concept and w ill 
be discussed fu rth e r in subsequent sections.
The trim erisa tio n  process is  i l lu s tra te d  in figu re  4.2.a. The therm ally 
induced process proceeds through the in i t ia l  prepolymer stage, with fu r th e r  
c ross-link ing  yielding the three-dim ensional therm oset s tru c tu re .
-103-
n N =  C - 0 - R - 0 - C = N
OCN
0
I
R
OCN
PREPOLYMER
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Cyclotrim erisation occurs with v irtu a lly  q u an tita tiv e  conversion*1'3"13 under 
su ita b le  conditions, a number of stud ies  fa iling  to  detec t any side reactions or 
products due to lin ea r polym erisation etc*23' 1 *3S' 1 '7'*3. According to  postu la tions 
of Korshak e t  al* 174 3, the high se le c tiv ity  of the cyclo trim erisation  reaction  
should lead to  the minimum impairment of polymer p roperties due to  unwanted 
side reactions. Such side  reactions are proposed to  introduce unwanted defects 
in to  an otherwise heterogeneous polymer s tru c tu re , leading to  degradation of the 
cured res in  p roperties. In th is  respect, the cyclo trim erisation  of cyanate 
e s te rs  p o ten tia lly  o ffe rs  considerable advantages over th a t of n i tr i le s ,  iso ­
cyanates and ethynyl compounds th a t are also  capable of cyclotrim erisation, but 
without the exclusion of unwanted side reactions. Thus cyanate e s te rs  o ffe r  
the p o ssib ility  of a tta in in g  a v irtu a lly  defect free  s tru c tu re , with a concurrent 
improvement in polymer properties.
More recently , Wertz*2'*'*3 suggested th a t the re la tiv e ly  short bridging 
d istance between tr iaz in e  rings in 2 ,2 '-b is - <4-cyanatophenyl)propane leads to  the 
p o ssib ility  of the formation of c ross-links between groups within the same 
molecular c lu ste r, re su ltin g  in the p o ssib ility  of the formation of in te rn a l
rings. This concept has in te re s tin g  repercussions for the s tru c tu re  /  property 
re la tio n sh ip s  of cured cyanate e s te rs . The proposal of Wertz*2'*'*3 is  th a t the 
formation of these in te rn a l rings re s u lts  in re la tiv e ly  few of the c ro ss-links
acting  as network constra in ts , hence the good toughness c h a rac te ris tic s  of. cured
cyanates, due to  an apparently low cross-link  density. I t  is  also worth 
considering the p o ssib ility  th a t these in te rn a l rings are  capable of
in terlinking , forming macrocyclic catenane-like s tru c tu re s , which can be 
envisaged to  have almost chain like s tru c tu re , figu re  4.2.b:
Figure 4.2.b
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A sim ilar macrocyclic s tru c tu re  was proposed in 1969 as a p lausib le  s tru c tu re  
for IPNs by Frisch e t and would undoubtedly lead to  very in te re s tin g
thermoset properties.
4.2.1 C atalysis and Mechanism o f  Triazine Formation
The cure of cyanate e s te rs  proceeds through two stages, as i l lu s tra te d  in 
figu re  4.2.a. C yclotrim erisation yields tr iaz in e  or cyanurate rings, which 
undergo fu rth e r cure to  y ield the th ree  dimensional cross-linked  poly-cyanurate. 
Thermal cure is  achieved by heating to  170-200 *C, but is  very slow in the 
absence of ca ta ly s t. Typically such c a ta ly s ts  are  organom etallic (tran s itio n  
metal) complexes, with an active hydrogen compound as a co-cata lyst.
Crude cyanate e s te rs  prepared by the method of Grigat and PU tter<s,so can 
be successfu lly  cured to  poly -cyanurates by v irtu e  of the c a ta ly tic  a b ility  of 
trace  im purities of active  hydrogen ca ta ly s ts , such as m oisture or unconverted 
phenolic groups. These undergo addition to  cyanate groups forming carbamates, 
which are capable of rearranging to the imidocarbonate which, under appropriate 
conditions undergo an active  hydrogen tra n s fe r  with two fu r th e r  cyanate 
m oieties, leading to  ring closure and regeneration of the active  ca ta ly s t. Such 
a process is  inherently  haphazard, with l i t t l e  i f  any con tro l over the 
p o ten tia l ca ta ly s t content. In addition, a t e levated tem peratures, any m oisture 
w ill tend to  evaporate, and the imidocarbonate interm ediate w ill decompose, 
lib e ra tin g  CO^ ., the p o ten tia l ca ta ly s t thus being s tead ily  'consumed* as the 
m atrix experiences unfavourable thermal degradation, figu re  4.2.1.a.
NH
II FAST
0
II
SLOW ► R O — C — OH r - o - c - n h 2  ► R - N H 2 + C02|
F ig u re  4 .2 .1 .a
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E ffic ien t curing of cyanate e s te rs  requ ires a more carefu l and system atic 
approach to ca ta ly s is . The active  hydrogen co -cata lyst is  added as a non­
v o la tile  component in s t r ic t ly  monitored amounts. Meanwhile, especially  in th is  
work, e f fo r ts  are  generally  made to  exclude any water th a t may in te rfe re  with 
the ca ta ly s is  stage, a m oisture content of 0.1% has been shown to  increase the 
reaction  ra te  approximately tw enty-fo ld0 13 Metal carboxylates are  also 
added, showing a marked c a ta ly tic  e ffec t. These metal carboxylates are 
generally  insoluble in the neat molten resin , but can be incorporated fo r safe 
ca ta ly s is  by d isso lu tion  in a small quantity  of non-vo latile  alkylphenol. The 
la t te r ,  eg nonylphenol< 113 ' 198'2° o:’ then serves as the active hydrogen ca ta ly st.
The proposed mechanism for the catalysed cyclo trim erisation  process is  
shown in figure  4.2.1.b. The mechanism has only been proposed recen tly (S° '200>, 
despite  the cyclo trim erisation  process being known to  occur for some years0  G* :>. 
The tra n s itio n  m etal cation is  proposed to  gather th ree  cyanate groups in close 
proximity, in much the same manner as th a t proposed fo r Z iegler-N atta  type 
ca ta ly s is  of o lefins. Once su itab ly  aligned around the c a ta ly tic  centre, ring 
closure is  achieved e ith e r by an anion in itia te d  ionic route, or as i s  shown 
here, by active  hydrogen tra n s fe r  via the imidocarbonate. In the presence of an 
active  hydrogen ca ta ly s t, the la t te r  process would be surmised to  predominate.
F ig u re  4 .2 ;l .b
Such soluble tra n s itio n  metal cations are around 103 times more e ffe c tiv e  
a t promoting cure than active hydrogen compounds'11133 p rio r to  gelation . 
Subsequent to  the ge l point however, the active hydrogen species become more 
e ff ic ie n t a t c a ta ly s is  than the tra n s itio n  metal species. This can be explained 
in terms of the probability  of achieving the bulky, three-membered grouping 
necessary for cyclo trim erisation  becoming much lower in the gelled  network. 
Thus i t  is  probable th a t cure proceeds by a d iffe ren t mechanism in the  la te r  
stages, and during v itr if ic a tio n . Shimp has p o stu la ted 0  33' 1 £’s,':200:> th a t such a 
process may be a step-grow th mechanism via an imidocarbonate in term ediate, 
e ffec tiv e ly  an unfavoured s id e-reac tio n  in the ungelled s ta te . In the  gel 
however, any cure process th a t serves to  remove otherw ise unreacted cyanate 
groups would prove beneficia l in terms of subsequent hot/w et performance, by 
removing s i te s  of p o ten tia l m oisture absorption.
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The choice of ca ta ly s t is  necessarily  very important. Ju st as m oisture can 
promote carbamate formation, and subsequent evolution of CO^  on therm al curing; 
so can absorbed m oisture cause carbamate formation via unreacted cyanate 
fu n c tio n a litie s  in serv ice  a t e levated tem perature (g rea te r than 200*C>, 
re su ltin g  in a swelling of the network and a c h a rac te ris tic  b lis te r in g  on the 
surface  of the matrix. Therefore, i t  is  important to u t i l is e  a ca ta ly s t 
combination th a t promotes the maximum degree of conversion, leaving the minimum 
quantity  of unreacted cyanate end groups.
I t  is  fo rtunate  th a t by judicious use of c a ta ly s t combinations, v ir tu a lly  
complete reaction, in excess of 95% conversion, of cyanate groups is  p rac tica lly  
possib le within a reasonable time scale. A number of s tu d ie s  have been 
conducted on the fe a s ib il ity  of the various p lausib le  c a ta ly tic  
com binations^* '133,1313,1 s*-’*20®5, from which a number of valuable conclusions can 
be drawn. Work by Shirap0 3 3 ' 133'2003 ind icates th a t the p referred  c a ta ly s ts  are 
those of compounds of zinc, copper and cobalt. T ransition  m etal cations have 
been ranked th u s ‘: 133 3, with regard to  th e ir  efficacy as cyclo trim erisation  
ca ta ly sts :
Cu2_f' = Co2'*' > Zn2-  > Mn2"* > Fe3-  > Al3-
Copper (II) is  proposed to  be the most e ffec tiv e  with regard to  the degree of 
conversion of cyanates, but zinc and cobalt (II) are reported as providing the 
maximum long term moisture and steam re s is ta n c e 0 133, This fea tu re  of zinc 
catalysed trim erisa tio n  is  in te restin g . El Sabee and Mokhtar*323 have noted the  
c a ta ly tic  e ffe c t of ZnCl2 on the homo-polymerisation of certa in  JV-substituted 
maleimides, a ttr ib u te d  to  the in te rac tion  of the Lewis acid with the  rc-electron 
cloud of the maleimide radical. This opens the p o ssib ility  of the development 
of c a ta ly s ts  su itab le  for the simultaneous independent polym erisation of b is -  
maleimides and cyanates in blend applications. With regard to  the organic 
chelate, acety lacetonates are reported to  afford  networks with improved long 
term thermal s ta b il i ty  over th a t o ffered  by o c toates  or 
napthenatesc 113-1 \
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Recent work by Galy e t a lc3* :> o ffe rs  two in te re s tin g  observations. On 
analysis  of the cyclo trim erisation  of a se r ie s  of commercial cyanate systems 
using cobalt (Il)napthenate with a nonyl phenol co-cata lyst, i t  was found th a t 
increasing Co (II) concentration increased the reac tiv ity , meanwhile an increase 
in nonyl phenol showed no such e ffec t. Bearing in mind the p o ten tia l th a t water 
shows as a ca ta ly s t, the im plication is  th a t very l i t t l e  ac tive  hydrogen ca ta ly s t 
is  required, suggesting th a t in such a system i t  i s  the achievement of su itab le  
stereochem istry for cyclo trim erisation  th a t governs the re a c tiv ity . By 
im plication the ring closure process is  rapid in comparison. A fu rth e r 
observation was th a t of the re s in s  studied, 1 ,1 '-b is - (4 -cyanatophenyl)ethane, 
designated L-10 (figure 4.2.l.c), was found to  be the most reac tiv e  in the 
absence of any ca ta ly st, but the le a s t reac tiv e  in the presence of the Co (II) 
napthenate /  nonyl phenol c a ta ly s t used in the study.
C H j
Figure 4.2.l.c
Cercenacs13 also noted v aria tions in the  re a c tiv ity  of b is-cyanates, observing 
th a t electron withdrawing groups in the para- position  tended to  increase  the 
reac tiv ity , and reduce the tem perature required for therm al polym erisation. 
This is  quite  understandable when the mesomeric configuration of the  cyanate 
group is  considered; increased e lec tron  withdrawing character w ithin the 
aromatic ring w ill encourage g rea te r mesomerisation, leading to  g re a te r  p o la rity  
within the reactive  cyanate group.
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Shim p ind ica tes a requirement of 6phr, <6% to ta l  resin  weight), nonyl phenol 
for e ffec tiv e  c a ta ly s isc2033, with 4phr nonyl phenol being u tilis e d  in th is  
study. In addition, 300ppm Cu(II) was added as the tra n s itio n  metal cation, as 
the napthenate.
4.3 Properties o f Poly-Cvanurates
The impetus for research in to  re s in  systems such as the poly-cyanurates 
described herein, is  provided by the increasing design requirem ents placed on 
cu rren tly  availab le  resin  systems. Cyanate e s te r  resin s  are a re la tiv e ly  new 
family of compounds, and as such have not yet become widely estab lished  as 
s tru c tu ra l  m aterials. Cyanates have though become estab lished  in the production 
of p rin ted  c irc u it boards, for which they show a desirab le range of p roperties.
P roperties th a t make cyanates a ttra c t iv e  as PCB m ateria ls have already 
been mentioned, namely low d ie lec tr ic  constant and low d ie le c tr ic  loss. These 
are  most certa in ly  due to  the high degree of heterogeneity  achievable in p o ly -  
cyanurate systems, the high system purity  elim inating the d e le terious e ffe c ts  of 
unwanted im purities, in addition these p roperties  are associated  with backbones 
of the lowest polarity ; the near aromatic character of the tr iaz in e  rin g  o ffe rs  
such a su itab ly  non-polar s tru c tu re . To date, th e ir  f ie ld  of application  in 
aerospace s tru c tu re s  has been lim ited to  the aforementioned radome app lications 
and in te r io r  panel fab rica tion '12''11 This is  surprising , as in re a li ty  cyanates 
appear to  o ffe r some q u ite  considerable advantages over th e ir  BMI and epoxy 
competitors.
The low m oisture absorbance and high Tg have already been mentioned. The 
fac to rs  causing such a ttra c t iv e  m oisture uptake ch a rac te ris tic s  are not however 
obvious. I f  the three  dimensional network of poly-cyanurate is  considered, 
figu re  4.3.a, i t  can be noted th a t the cured m atrix is  qu ite  an open s tru c tu re , 
with a correspondingly high free  volume. These large in te rs tic e s  would be 
expected to  allow easy transport of m oisture in to  the network, p o ten tia lly  
leading to high m oisture uptake.
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Figure 4.3.a
In addition, the polar nature of the cyanurate ring would be expected to  provide 
an a ttra c tiv e  s i te  for association with polar water molecules, again leading to 
high water absorption. One plausible explanation for the contrary low water 
absorption ch a rac te ris tic s  could reasonably be th a t the same open s tru c tu re  
perm its absorbed moisture to d iffu se  out of the cyanurate network as eas ily  as 
i t  is  proposed to enter.
-1 1 2 -
The high Tg of the cured re s in  is  an a r t i f a c t  of the highly cross-linked 
nature  of the psly-cyanurate, generally  being in term ediate between th a t observed 
for a typ ica l epoxy and th a t of a cured BMI system. This high Tg would not be 
expected to lead to p a rticu la rly  a ttra c t iv e  toughness c h a rac te ris tic s  -  in 
general polymers with a high c ro ss-lin k  density  tend to  be qu ite  b r i t t le ,  as is  
the case with BMIs. The same is  not tru e  of poly-cyanurates, these  show 
p a rticu la rly  a ttra c tiv e  mechanical p roperties, with a reasonable improvement in 
frac tu re  toughness being observed in th is  work for carbon fib re  composites 
fabricated  from cyanate resin  over those fabricated  from BMI. This frac tu re  
toughness is  comparable with th a t of untoughened epoxies, and makes po ly-  
cyanurates extremely a ttra c t iv e  as s tru c tu ra l  m ateria ls  in applications where
high Tg, s tren g th  and toughness are a l l  desirable, namely aerospace s tru c tu ra l
applications.
Whilst the re la tiv e  composite p roperties  of such res in  system s are 
considered, a fu rth e r advantage of poly-cyanurates is  noteworthy. On curing,
and especially  in the case of postcure a t elevated tem peratures, BMIs typically  
display a degree of shrinkage. In both composite and neat resin  th is  can cause 
undesirable raicrocracking, a re su lt  of. the therm al s tre s s e s  induced in the 
matrix, and provides an obvious fa ilu re  rou te  in b r i t t le  m atrices. In the case 
of fib re  reinforced composites such microcracking can be more severe, being a 
re s u lt  of the expansion mismatch between fib re  and resin , leading to  reduced 
f ib re /re s in  adhesion, a serious problem with delamination fa ilu re  in composites 
occuring principally  along the f ib re /re s in  in te rface . Limited microcracking does 
not normally detrim entally  a ffec t the mechanical in te g rity  of a composite
s tru c tu re 0 *33, but does have a profound e ffec t on the amount and the  ra te  of 
m oisture d iffusion  into the m aterial. Foly-cyanurates however undergo a volume 
expansion on curing, and hence do not tend to  su ffe r  from thermal s tre s s e s  and 
fib re  adhesion problems to the same extent as those commonly associated  with 
BMIs.
The fin a l noteworthy advantage of cyanate re s in s  is  th a t of p rocessab ility . 
Common commercial cyanate e s te r  resin s, such as the bis-phenol-A derived B-10 
system (Hi-Tek) are low melting solids, su itab le  for melt processing, and with 
no tendency for cure advancement on sto rage and hence an a ttra c tiv e ly  long 
sh e lf  life . The problems associated  with BMI p rocessab ility  have already been
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mentioned in Chapter 3, w hilst those associated  with epoxy re s in s  involve the 
to x ic ity  of the  commonly used diamine hardeners. In both resp ec ts  cyanate 
re s in s  o ffe r appreciable advantages, being s ig n ifican tly  le s s  hazardous than 
such toxic hardeners and the po ten tia lly  carcinogenic BMIs.
The disadvantages of cyanate re s in s  appear not to  be severe. Their 
inherent low to x ic ity  is  maintained a t tem perature, with p o ten tia lly  no g re a te r  
evolution of toxic gas (HCN) on degradation than i t s  epoxy and BMI com petitors. 
The same is  not however true  for the s ta r t in g  m aterials. The syn thesis  of 
cyanate e s te rs  is  necessarily  hazardous, u til is in g  toxic cyanogen halides, and i t  
is  th is  hazardous syn thetic  rou te  th a t o ffe rs  the major disadvantage of cyanate 
resins.
The s ta r t in g  m aterials, bis-phenols and cyanogen halides (the chloride, 
which is  gaseous a t room tem perature and pressure  is  commonly used 
commercially) are inexpensive, w hilst the syn thetic  technique i t s e l f  is  
uncomplicated. However the commercial re s in  is  expensive in comparison with 
estab lished  BMI and epoxy m aterials. The 'co s t' is  accountable in term s of the 
hazardous nature  of cyanogen halides, which re s u lts  in the premium p rices asked 
for commercial cyanate resins. I t  is  the high cost of cyanates th a t appears to  
have prevented th e ir  widespread commercial application. Whilst the end use 
requirem ents of a res in  system can be met by estab lished  systems, cyanates w ill 
f a i l  to  gain widespread acceptance, the exception being applications where end 
use requirem ents ju s tify  the cost involved. As the demands on composite 
m atrices become g rea te r though, the fie ld  of application of m ateria ls  such as 
cyanate e s te rs  would be expected to  widen.
4.4 Functionalised Cyanate E sters
Considering the comments made above with respect to  the  expense of 
cyanate resins, i t  seems a log ical s tep  to  incorporate cyanates in blends with 
o ther resins, in an attem pt, f i r s t ly  to  reduce the expense by u ti l is in g  cheaper 
m aterials, and secondly to achieve sy n erg istic  p roperties, the performance of 
the blend hopefully being superior to  th a t of the component homo-polymers. 
This is  the approach adopted in th is  work.
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Cyanates o ffe r advantages in terms of toughness and m oisture absorbance, 
the disadvantages being a lower Tg and the cost of the m aterial. B is-  
maleimides meanwhile o ffe r the advantages of higher Tg a t lower cost, with the 
drawback of poor toughness ch arac te ris tic s . I t  seems log ica l therefo re  to 
combine such m ateria ls  in an attem pt to  obtain sy n erg istic  p roperties. This is  
not a new concept, M itsubishi Gas Chemical Corp. marketed BT re s in s <31 3 on the 
assumption th a t such p roperties  were achievable by d irec t co-reaction between 
cyanate and maleimide groups. This co-reaction is  a t best unlikely, thus one or 
both of these components must be adapted to  enable co-reaction to  occur.
4.4.1 Co-reaction with Bis-Ma1gim1rip_R
In Chapter 3 a number of feasib le  co -reactan ts  for BMIs, such as diamines 
and bis-phenols are described. These, when incorporated in to  a cyanate 
functionalised backbone would provide a su ita b le  reactive  s i te  fo r co-reaction 
with a maleimide component via an addition type chain extension reaction. 
Whilst a simple and a ttra c t iv e  approach, such reac tiv e  groups are unsu itab le  by 
v irtu e  of th e ir  a b ility  to  react with the cyanate moiety, or to  ca ta ly se  the 
cyclo trim erisation  of the cyanate functionality . This would c lea rly  lead to  
unwanted side reactions, reducing the po ten tia lly  a ttra c t iv e  high heterogeneity  
of the cyanurate network, and considerable problems in  con tro lling  the 
cyclotrim erisation process.
4.4.2 Olefin functionalised  bis-Cyanates
An a lte rn a tiv e  reactive  functional group is  provided by the incorporation 
of various o lefin ic  groups, the most feasib le  being vinyl, a l ly l  and propenyl, a l l  
of which are capable of co-reaction with maleimide by the mechanisms proposed 
in Chapter 3. Hone of th e s e . fu n c tio n a litie s  present problems in the subsequent 
cure of the proposed blend, displaying a co-reaction in the appropria te  150- 
250 °C range with no apparent tendency to  cata lyse  homo-polymerisation of e ith e r 
component.
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The preparation of a lly l functionalised bis-cyanates has already been 
reported  in the patent l i te r a tu r e 0-715, Hitachi Corp. developing such compounds 
fo r Printed C ircuit Board (PCB) applications. At the same time, such a lly l 
functionalised  compounds have been investigated  previously a t the University of 
Surrey00-75 as p o ten tia l s tru c tu ra l  m aterials, though ne ith e r neat re s in  nor 
composite mechanical p roperties  have been published. Such a lly l  functionalised  
bis-cyanates are fu rth e r investigated  within th is  study, with specia l regard  to  
composite performance in d irec t comparison with propenyl functionalised  b is -  
cyanates as outlined in Chapter 1.
Propenyl and vinyl functionalised  ary l cyanates, figure  4.4.2.a, can both be 
regarded as su b s titu ted  styrenes, and are thus proposed to  co-react with 
maleimides by an id en tica l route, sub tly  d iffe ren t to  th a t of the a lly l 
functionality . These mechanisms have already been described in d e ta i l  in 
Chapter 1, with p a rticu la r reference to  the re la tiv e  re a c tiv ity  of each function.
If  vinyl and propenyl groups undergo an iden tica l co-reaction with 
maleimide, then i t  is  reasonable to  surmise th a t the le ss  s te r ic a lly  hindered 
vinyl group would show an enhanced re a c tiv ity  over the propenyl functionality , 
by v irtu e  of i t s  in ab ility  to  display geom etrical isomerism. Such isomerism, in 
the case of the propenyl functionality , leads to  the ex istence of c is /tra n s -  
isomers, of which the trans-  would be expected to  show enhanced rea c tiv ity , for
Figure 4.4.2.a
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the reasons outlined in Chapter 3. Vinyl groups, meanwhile, do not show such 
isomerism, and hence the p o ss ib ility  of no decrease in re a c tiv ity  by v irtu e  of 
the  s te r ic a lly  le ss  favourable cis-isom er.
These fa c ts  appear to  make vinyl functionalised  a ry l cyanates extremely 
a ttra c t iv e  as p o ten tia l co-polymers for 6is-maleimides. This viewpoint is  
supported by other workers, who have investigated  bis-maleimides as cross- 
linking agents for unsaturated  hydrocarbons, such as poly-e thylene and n a tu ra l 
rubber< 13e' 1 3135 from the 1950s.
The use of sty rene groups to  a l te r  the re a c tiv ity  of poly-ethersulphones 
has been investigated  by Percec and Aumanc 1 ei 5, but widespread acceptance of 
styrene groups as reactive  m odifiers has not been forthcoming. The reason for 
th is  is  q u ite  possibly due to  the d if f ic u l t ie s  encountered in obtaining 
consisten t su b s titu tio n  of styrene groups in to  a su itab le  aromatic backbone. 
The obvious rou te  to incorporation of vinyl groups into an aromatic backbone 
would be via a F riedel-C rafts  reaction, however the vinylic chloride necessary 
for su b stitu tio n  would yield an unstable vinylic carbocation, incapable of 
su b stitu tio n  in to  an aromatic backbone. The a lte rn a tiv e  route would be via 
dehydration or dehydrohalogenation of 1 - (2-hydroxyphenyl)ethanol or l - ( 2 -  
hydroxyphenyl)-l-chloroethane respectively , e ith e r  of which are accesib le via 
F riedel-C rafts  alkylation, from a su itab le  phenol and 1-chloroethanol or 1,1- 
dichloroethane respectively . These syn thetic  rou tes, i l lu s tra te d  in figu re  
4.4.2.b, do not however appear to  have gained any degree of acceptance, 
presumably due to the complicated syn thesis in comparison with those fo r a lly l 
or propenyl functionalised  aromatics.
F ig u re  4 .4 .2 .b
Such rou tes to  vinyl su b s titu ted  cyanates have not th e re fo re  been 
investigated  here, the current work being lim ited to  the more easily  synthesised 
propenyl functionalised  moieties.
4.4.2.1 Synthetic Route to  Propenvl Functionalised Cyanates
The syn thesis of propenyl functionalised  cyanates, unlike th a t of vinyl 
functionalised cyanates, is  qu ite  stra ightforw ard , proceeding through four 
stra igh tfo rw ard  s tep s  from the s ta r t in g  phenol.
The phenol is  converted to  the a lly l e th er via a Williamson e th e r 
syn thesis thus:
OH 0 " 0 R ’
bose R ’ X -►
F igu re  4 .4 .2 .1 .a
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This e ther is  easily  purified  by v irtu e  of i t s  non-so lub ility  in aqueous base. 
The major impurity in such a process would be the phenolic s ta r t in g  m aterial, 
which is  base soluble. An a lte rn a tiv e  product to  th a t obtained via O -ally la tion  
would be th a t re su ltin g  from C -ally lation , namely the o -a lly l phenol. This 
l a t t e r  product tends to  be favoured when the equilibrium  between the  phenoxide 
ion interm ediate and i t s  keto analogue is  sh ifted  towards the keto form*1‘4e:\ 
(figure 4.4.2.l.b), a fac to r strong ly  influenced by the reaction  so lv en t* 1 *eJ.
Figure 4.4.2.l.b
This side reaction  is  not however a problem for two obvious reasons. F irs tly , 
the reaction product was washed with aqueous base to  remove phenolic im purities 
and secondly, the o -a lly l phenol is  in fac t the desired product from the next 
s tage  of the synthesis.
The O -ally l e th er is  converted to  the isomeric a lly l phenol by a simple 
Claisen rearrangement thus:
F ig u re  4.4.2.1.C
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This important reaction  proceeds smoothly, with or without solvent a t around 
200°C, re su ltin g  in attachment of the v-carbon to the aromatic nucleus, yielding 
the a lly l su b s titu ted  phenol* **2se>.
Isom erisation of the a lly l  phenol to the propenyl phenol is  likewise 
fa c ile c:23S?, simple refluxing in sa tu ra ted  alcoholic base being su ffic ie n t for 
q u an tita tiv e  conversion of the allylphenyl group to  the  more s tab le
propenylphenyl m oiety< 14 \
Figure 4.4.2.1.d
Such rearrangement is  fa c ili ta te d  by conjugation of the propenyl double bond 
with the aromatic ring, leading to enhanced s ta b i l i ty  over the a lly l  isomer.
The f in a l conversion of the propenylphenol to  the propenylcyanate is  
achieved by d irec t reaction  between the associated  phenoxide and a cyanogen 
halide, in the presence of a hydrogen halide acceptor. This reaction  would be 
expected to  proceed via nucleophilic a ttack  of generated phenoxide ion on the 
e lec tron  defic ien t carbon atom of the cyanogen halide, yielding the cyanate, with 
p rec ip ita tio n  of triethylam ine hydrogen bromide as a by-product. Sub-ambient 
tem peratures are commonly employedc3 , 3 in order to  reduce the v o la ti l i ty  of 
the p o ten tia lly  toxic cyanogen halide.
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4.4.3 B e n e f its  o f  C o-R eaction
The driving force behind the investigation  of the co-polymerisation of 
such functionalised cyanates with BMIs is  to  achieve the benefits  of synergism, 
yielding a tough resin  system with high thermal and therm o-oxidative 
performance and low m oisture absorbance by g ra ftin g  BMI and cyanate domains 
through the mutually co-reactive functionalised  cyanate.
4.4.3.1 Conversion o f IPN to  Graft Co-Polymer
The means by which such property improvements are p o ten tia lly  achievable 
concern the incorporation of the o lefin  functionalised  cyanates described e a r lie r  
in th is  chapter. If  one considers the sim ultaneous curing of a blend of BMI and 
unfunctionalised cyanate, then a sim ultaneous IPN would be the expected product. 
Such an IPN would be considered to display complex morphology, consisting  of 
d isc re te  domains of homo-polymer, linked by entanglements of cured BMI and 
cyanate. By v irtu e  of the incompatible cure reactions though, no co-reaction 
would be expected, hence the product is  a tru e  IPN. Such an IPN displays 
a ttra c t iv e  properties, Glc frac tu re  toughness measurements ind icate  th a t a
considerable improvement in toughness is  achievable over th a t observed for the
unblended, homo-polymerised BMI. The disadvantage of such an IPN is  however
observable in terms of diminished therm al performance. DMTA analysis of th is
system indicates th a t the Tg of the IPN shows l i t t l e ,  i f  any improvement over 
th a t observed for the associated  homo-cured cyanate, th is  Tg being fa r  short of 
th a t observed for the associated  homo-cured BMI, these observations being 
discussed fully  in Chapter 6.
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The incorporation of the th ird  component, namely a functionalised  cyanate, 
leads to  the p o ssib ility  of reactive  g ra ftin g  of the two homo-polymers via co­
reaction  with such a th ird  component, the proposal being th a t the cyanate 
functionality  is  capable of co-reaction with the unfunctionalised cyanate, w hilst 
the o le fin ic  functionality  is  capable of a s e r ie s  of addition reactions with the 
BMI component (figure 4.4.3.1.a).
■V
c
I 'I
^ c '
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R ”
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Figure 4.4.3.1.a
The proposed blend can no longer be considered to  be an IPN as i t  would be 
envisaged to contain d isc re te  g ra fts . Likewise i t  is  not feasib le  to  describe 
such a system as a tru e  g ra f t co-polymer. In most of the blends investiga ted  
the BMI component is  in excess, indeed in the case of the blend displaying the 
h ighest Tg, the functionalised  cyanate comprises only 10% by weight of the  to ta l  
blend. I t  is  not reasonable to  assume th a t such a small p o ten tia l source of 
g ra f ts  should re su lt in a to ta lly  g rafted  system, in such a case a l l  cyanate 
domains would be expected to  be g rafted  to  a BMI domain.
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Considering these points, perhaps the best way to describe such a system 
is  as a blend, consisting  of IPN domains intim ately  mixed with domains 
consisting  of the g ra f t co-polymer, e ssen tia lly  a composition consisting  of both 
IPN and g ra f t co-polymer.
The functionalised cyanate is  therefo re  proposed to  act in two manners. 
F irs tly , to  reduce the cross-link  density  of the homo-cured BMI component, and 
secondly to  link the po ten tia lly  b r i t t l e  BMI phase with the tougher cyanate 
phase. Both these actions would be expected to  improve the toughness of the 
blend, but the u ltim ate goal would be to  re ta in  the thermal cap ab ilitie s  of the 
BMI component. This would be proposed to  be achievable by inducing su ff ic ie n t 
g ra ftin g  between the networks such th a t ne ith e r is  capable of independent, 
therm ally induced, main chain motion, ie  a sing le  high Tg should be observed for 
the system. This is  indeed the case. The re s u lts  of therm al analyses,
described in d e ta il  in Chapter 6, ind icate  th a t a sing le  Tg is  generally  
observable in such a system. The attainm ent of maximum Tg is  achieved by 
judiciously a lte rin g  the stoichiom etry of the blend, such adjustment of the 
blend stoichiom etry, and measurement of the subsequent composite p roperties, 
rep resen ts  the major part of th is  study. The preparation of composite samples, 
and the theory and p rac tise  of the various physical and therm al te s t  methods 
are described in Chapter 5. The re su lts , and the im plications, of such te s t s  are 
discussed in Chapter 6.
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Chapter 5
Composite Studies
-1 2 4 -
5.1 Composite Background
Commercially, thermoset re s in s  such as those investigated  in th is  work are 
ra re ly  used in the form of neat cured resins. For both s tru c tu ra l  and
e lec tron ic  m aterials, composites are v ir tu a lly  the exclusive rou te  for 
application of therm oset resins. Printed c irc u it boards for e lec tron ics 
applications are generally  g lass  fib re  reinforced m aterials, w hilst in the case 
of aerospace application, where good stren g th  and s t if fn e s s  performance are 
required a t minimum weight, carbon fib re  reinforced composite s tru c tu re s  are  a 
major fie ld  of in te re s t.
In a typ ica l fib re  reinforced composite the re inforcing  fib res  and the
re s in  matrix each play d is tin c t and separa te  ro les. The fib re s  provide the 
s tru c tu re  with i t s  ultim ate te n s ile  streng th , and generally  co n stitu te  the major 
phase in terms of both weight and volume. Carbon fib res  are  not generally  
prone to degradation in performance, provided they are adequately p ro tected  by 
the matrix. The re s in  serves as the matrix, a task  in which i t  must f u l f i l l  two 
basic ro les.
Despite th e ir  high ultim ate te n s ile  s tren g th  fib res  qu ite  c learly  have no 
s tru c tu ra l  in te g rity  of th e ir  own. As they can not support th e ir  own weight,
alone, they are inappropriate for s tru c tu ra l  applications. The f i r s t  ro le  of
any resin  m atrix must therefo re  be to  simply provide the s tru c tu re  with i t s  
necessary in te g rity  and rig id ity , to  be achieved under the fu l l  range of
environmental conditions encountered. Failure of the re s in  m atrix due to
environmental e ffe c ts  w ill lead to  the composite losing i t s  s tru c tu ra l  in te g r ity  
in service, c learly  an undesirable prospect. The second ro le  is  to  provide such 
environmental p ro tection  for the fib res. Clearly the term 'environm ental
pro tection ' covers a vast range of possib le performance conditions, including 
elevated tem perature, atmospheric, and hot-w et conditions.
In order for the composite s tru c tu re  to  f u l f i l l  i t s  designated ro le  i t  is  
therefo re  e sse n tia l th a t the m atrix provides the fib res  with adequate p ro tec tion  
under the an tic ipated  performance conditions. To achieve th is  the re s in  must 
show adequate performance in three main areas: thermal, including thermo-
oxidative s ta b il i ty , chemical s ta b ility , ie  re s is tan ce  to  possible chemically
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h o stile  environments, and physical s treng th  and toughness, i.e. an a b ility  to 
bear physical s tre s s  without fa ilu re . In order to  fu l f i l l  the la t te r  case i t  is  
necessary th a t the resin  m atrix also serves to  evenly tran sfe r the load onto 
the fibre, for which an adequately strong fib re  to  resin  in terface  is  required. 
The tra n s fe r  of load onto the fib res u t i l is e s  th e ir  inherent s tren g th  to 
maximum advantage, d issipating  s tre s s  away from the resin  matrix and hence 
provides for a physically more robust composite, ~
An understanding of the probable service cap ab ilities  of any composite is  
c learly  very important and provides the impetus for composite te s tin g  
programmes, which s tr iv e  to  understand and ultim ately  p redict composite 
cap ab ilities  for a given re s in /f ib re  combination.
This chapter deals with the p rac tica l aspects of composite preparation  and 
te s tin g . Where appropriate  the th eo re tic a l background to a p a rtic u la r  te s t  is  
also  b rie fly  described, but a fu l l  treatm ent of composite te s t  design theory is  
obviously beyond the scope of th is  work: reference is  therefo re  given to  source 
l i te ra tu re  where a more detailed  th e o re tic a l treatm ent can be obtained, w hilst 
additional information perta in ing  to  the te s t  methods described in th is  chapter 
are contained in the appropriate  appendices.
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5.2 Preparation and Cure o f Composite Samples
5.2.1 M aterials
As described above the two components of a carbon fib re  reinforced 
composite are the fib re  and the re s in  matrix, the l a t t e r  comprising any blend of 
re s in s  with m odifiers etc. The current study is  concerned with the 
investigation  of the composite p ro p ertie s  of novel re s in  blends, in comparison 
with curren tly  availab le  commercial re s in  systems. The commercial re s in s  
examined, namely Compimide 353 (C-353), a bismaleimide system, and Hi-Tek B-30 
(B-30), a cyanate e s te r  resin , have both been described e a r lie r  in th is  th esis .
The reinforcing  carbon fib res  chosen for the whole study were Courtaulds 
E-XAS, 12,000 filament per tow, sized with 1% epoxide size. The reasons fo r 
th is  choice are as follows. The most important fac to r to be taken in to  account 
was continuity, and as the research in te re s t lay in re s in  performance i t  
was e sse n tia l th a t the same fib re  was used throughout, to  prevent performance 
varia tions due to  undue fib re  influence. The fib re  obviously has a profound 
influence on the performance of any composite specimen; even i f  the same fib re  
i s  used throughout, varia tions in composite fib re  content have an e ffe c t on
composite p roperties. To re s t r ic t  such e ffec ts , the te s tin g  regime chosen was 
de libera te ly  biased toward te s t s  th a t sp ec ifica lly  measure resin  dominated, as 
opposed to  fib re  dominated p roperties. Despite th is  these  p ro p e rtie s  remain
somewhat dependent on fib re  c o n t e n t , 5 and therefo re  fib re  content was
measured alongside the physical and mechanical p roperties. 'Normalised' data,
obtained by assuming an ideal fib re  content of 60wt% are presented alongside
uncorrected data fo r comparative purposes in the re s u lts  sec tion  of Chapter 6.
XAS fib res  have been widely used; they are recognised as being of
re la tiv e ly  high modulus with 'average' te n s ile  properties. Because of th is
background of previous use, XAS fib re s  co n stitu te  a good 'standard* fib re  fo r 
aerospace application composite s tru c tu re s , having no anomalous p ro p e rtie s  th a t 
may upset any de tailed  te s tin g  programme, XAS fib res  have found widespread use 
in composite programs, providing a pool of fib re  data. Despite th is , no attem pt 
is  made to  compare data derived from the curren t study with th a t of o ther
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workers, due to  the em pirical nature  of, and lack of un iversal s tandards within 
composite te stin g .
The su rface  coating, or size, applied to  any fib re  a lso  has a profound 
e ffe c t on composite p roperties  by v irtu e  of i t s  influence on f ib re /re s in  
in te r  fac ia l p roperties. An iden tica lly  sized fib re  was used throughout the 
study to prevent any anomalous varia tion  in performance. However i t  is  usefu l 
to  c la rify  why th is  size  was chosen in preference to  any other.
Fibre s ize  serves two major ro les. Unsized fib res  are very d if f ic u l t  to  
handle, tending to  spread and catch on contact with any surface, making the 
preparation of prepreg type m aterials unduly complicated and messy, o ften  with 
unsatisfac to ry  re su lts . The size, which is  simply a coating of a standard  resin  
applied by dip coating via a v o la tile  tran sp o rt solvent, g ives major 
improvements in the handling c h a rac te ris tic s  of fib res, simply by causing the 
individual fib res  to  adhere to each other to  form a sing le  easily  handled tow. 
At the same time the size  o ffe rs  a degree of pro tection  to  the fib re, preventing 
undue handling damage. The su rface  chemistry of sized f ib re s  is  not however 
fu lly  understood; i t  is  known th a t fib re  size  can have a major e ffe c t on 
re s in /f ib re  adhesion, and hence ultim ate composite performance, thus 
standard isa tion  of the te s t  regime was considered essen tia l.
Fibre size  is  generally  available as one of two re s in  types, epoxy or 
polyimide, the choice being d ic ta ted  by end use considerations. Polyimide size  
is  generally  p referab le  for u ltim ate thermal performance. However epoxy size  
was chosen for th is  study for the reason th a t epoxide groups show a co-reaction 
with both cyanate and maleimide groups<:sei 3. The p o ssib ility  of co-reaction 
with the epoxy size would be expected to  lead to  improved re s in /f ib re  adhesion 
over the polyimide case, where co-reaction, especially  with the  cyanate 
component would be le ss  feasib le . The p o ss ib ility  of a s lig h t reduction in 
thermal performance was considered a small factor, outweighed by the  physical 
performance ben efits  expected as a re su lt of improved re s in /f ib re  adhesion.
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5.2.2 P re p a ra tio n  and Cure o f  Com posite Tow Sam ples
So called  tow samples rep resen t the sim plest form of fib re  reinforced  
composite prepared during the course of th is  work. Relatively simple and quick 
to  prepare, they provide a usefu l technique for evaluating the v ia b ility  of 
d iffe ren t re s in  combinations on fib re , and lim ited information on the physical 
p roperties  of such combinations. Alone however, they do not c o n stitu te  a valid 
physical te s t  specimen, hence th e ir  use in physical te s tin g  was lim ited to  
method evaluation stud ies, for which they were applied during th is  study. The 
aspect in which tow samples were found to  be most usefu l was in water 
absorption stud ies, providing the ideal sample for long term conditioning te s ts .
The tow sample co n sists  of a single, continuous 12k carbon fib re, 
impregnated with res in  via a v o la tile  transpo rt solvent, and subsequently cured 
to  yield a r ig id  rod. The apparatus for tow sample preparation is  i l lu s tra te d  
schem atically in figure  5.2.2.a.
Fibre Creel
R esin Bath
Figure 5.2.2.a
The carbon fib re  was pulled, using a variable speed motor over a tensioning 
pulley and in to  the re s in  bath. The fib re  was impregnated with re s in  and 
subsequently pulled v e rtic a lly  through a 1.5mm diameter c ircu la r o r if ic e  to  
squeeze o ff excess resin . This excess re s in  was able to  run back down the
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fib re  as i t  was pulled v e rtica lly , and so back in to  the res in  bath. The 
impregnated fib re  was continuously drawn to a su itab le  v e rtic a l height to  give 
su ffic ien t sample fo r the necessary te s t  regime.
Once the necessary length of impregnated tow was achieved, the impregnated 
fib re  was cut from the feed ro lle rs , and carefu lly  mounted onto a frame of size  
su itab le  for placement in a curing oven, with care being taken th a t only the 
points of attachment to the frame are  handled; these of course were discarded 
a f te r  curing. After a free  standing cure cycle, of 1 hour @ 170*0 followed by 2
hours @ 180*0 (used for a l l  tow samples), the now rig id , cured sample was cut
from the mounting frame to  give a s e r ie s  of th in  rods, nominally 1.5mm in 
diameter. These were cut to  the lengths required for the intended application  
and fina lly  subjected to  a free  standing post-cu re  of 1 hour @ 220*0.
Tow samples served two purposes within the study. The f i r s t  was as an 
evaluative too l for the v iab ility  of the various physical te s t s  described in
Section 5.5 below. Before these te s t s  were attem pted using m ulti-p ly  laminate 
composites, (which take considerably longer to  prepare than tow samples), the 
same te s t  was attem pted under conditions as near iden tica l as possib le to  those 
proposed for the m ulti-p ly  lam inates but using tow samples. This screening 
regime served as a progressive learning aid so as any problems could be 
eliminated before m ulti-p ly  lam inates were used. In addition, the data from 
these tow te s ts , w hilst not being of any g rea t use as evaluative design data, 
served to  demonstrate th a t each te s t  could d istingu ish  d ifferences in the cured 
re s in  p roperties  of the various samples, thereby providing evidence fo r the
experimental v a lid ity  of the te s t  method without undue expenditure o f time and 
e ffo rt.
The second aspect in which tow samples proved to  be of use was in w ater 
absorption te s tin g  of composite samples, i t s  high surface area : volume ra tio  
being the decisive fac to r in th is  respect. These water absorption t e s t s  are  
described in d e ta il la te r  in th is  chapter.
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5.2.3 Preparation and Cure o f  Pre-impregnated M aterials (Prepregs)
Prepreg may be described simply as a sing le  layer of re in fo rcing  fib res , 
la id  f la t  to  form a sing le  homogeneous sheet which has been impregnated with 
resin . The form and alignment of the fib res  is  of course dependent on the end 
use requirements; for th is  study, the fib re  used was epoxy sized XAS carbon 
fib re, described above, in exclusively un id irec tional alignment.
Prepreg can be fabricated by a number of means, ranging from the ra th e r  
crude technique of applying a re s in  so lu tion  by hand onto a mesh of fib re, up 
to  s ta te -o f - th e -a r t  'ho t-m elt' prepreg techniques. Hot-melt
prepregging,*33*3-7' 14'7' 1 33:>, as the name im plies is  a solvent free  technique in 
which carbon fib res  are  wound from a c ree l onto a backing paper and 
sim ultaneously aligned by a fib re  comb. The re s in  is  applied to  a second sheet 
of backing paper as a low v iscosity  melt, with the two paper sh ee ts  being 
brought together between pinch ro lle rs  to achieve the impregnation proper. In a 
ty p ica l technique, the melt is  then quenched on a ch ill p la te  to  prevent cure 
advancement, and one of the re lease  shee ts  is  removed prio r to  the prepreg 
being rolled. In d u stria lly  th is  i s  the p referred  technique, although i t  does 
have many problems, not le a s t of which is  the expense of the necessary 
apparatus, as well as the problems normally associated  with molten re s in  blends, 
such as v iscosity  con tro l and thermal cure advancement. I t s  major advantage 
over solvent based impregnation techniques is  the elim ination of many p o ten tia l 
problems caused by res id u a l solvent in the l a t t e r  technique.
Solvent based impregnation was the technique u tilis e d  fo r prepreg 
fabricaton during th is  work, the reasons being prim arily th a t no hot-m elt 
f a c i l i t ie s  were read ily  available, but in addition, the solvent impregnation 
technique is  fa r le ss  complicated and thus su ited  to  small scale  experim ental 
composite production. The two base resin s, C-353 and B-30, are  both q u ite  
su itab le  for hot-m elt production (with necessary formulation of the  blends), 
hence i t  would be envisaged th a t i f  any commercial application were to  a r is e  
from th is  work then tra n s fe r  to  th is  technique would be reasonably 
s tra ightforw ard .
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The apparatus for solvent impregnation is  i l lu s tra te d  schem atically in 
figu re  5.2.3.a.
Receiver Drum
R esin Bath
Fibre Creel
Figure 5.2.3.a
Fibre was pulled from i t s  creel, through a s e r ie s  of alignment g a tes  and pulleys 
onto the loading pulley, from whence i t  was run through the re s in  bath, through 
pinch ro lle rs  to  remove excess re s in  and subsequently wound onto the receiver 
drum. Accurate alignment of the fib re  perpendicular to  the receiver drum and 
along the centre axis of the res in  loading capstan was of the utmost
importance. This could be achieved by pulling the fib re  through a number of 
alignment gates, w hilst the alignment was maintained by applying a s lig h t 
tension to  the fib re  c ree l via a tensioning nut. With the exception of the
re s in  bath, which was machined from aluminium alloy, a l l  capstans, pulleys and
g a tes  th a t contact the fib re  were machined from P.T.F.E block to  ensure th a t 
fib re  snagging was minimised.
The fib re  was pulled onto the receiver drum, which was previously coated 
with re lease  paper, by means of a be lt driven e le c tr ic  motor ro ta tin g  the drum. 
The speed of th is  motor was variable, and thereby controlled most aspects of 
the impregnation process, from the thickness of the fin a l prepreg sheet to the 
ex ten t of res in  impregnation. As a sheet of prepreg was required, the
-1 3 2 -
impregnated fib re  was moved transverse ly  across the receiver drum, th is  motion 
being achieved by use of a stepper motor which drove the e n tire  alignment arm 
and bath a t a constant ra te , perpendicular to  the receiver drum. Finally, once 
the alignment arm had completed i t s  tra v e l across the receiver drum, a wound 
sheet of prepreg some 35cm wide was obtained. The fib re  tow was cut, and the 
drum was able to ro ta te  free ly  without pulling fu rth e r fib re  through the 
impregnation apparatus.
Once fabricated  in th is  manner i t  was necessary to  remove the  solvent from 
the prepreg sheet as fa r as possible. A number of techniques were investigated , 
of which simply allowing the drum to  ro ta te  under the influence of the drum
motor, under a fume ex traction  hood gave the best re su lts , yielding a prepreg 
with ju s t su ff ic ie n t res id u al solvent to  re ta in  tack and drape, but in su ffic ie n t 
to  cause any problems with regard to  void formation in the cured composite.
Once dried, the prepreg sheet was removed from the drum by cu ttin g  across 
the fib re  axis with a fresh  scalpel, and removing the prepreg attached  to  i t s  
backing paper, giving a prepreg sheet of dimensions 100 x 35 cm approx. A 
fresh  sheet of re lease  paper was applied to  the opposite face of the prepreg 
and the e n tire  sandwich trimmed to  remove excess paper and any loose fib re  
strands. Before lay-up a l l  prepreg sh ee ts  were herm etically sealed inside
polythene bags and placed f la t  in a deep freeze a t -20 °C, th is  was found to  
improve handling a t the lay-up stage  by decreasing adhesion between the prepreg 
and the re lease  paper and by ensuring th a t a l l  the prepreg was as f la t  as 
possible, with no tendency to  curl. Sub-ambient sto rage is  also generally  used
in order to  improve the sh e lf  l i f e  of prepreg.
5.2.4 Preparation and Cure o f  M ulti-ply Laminates
Once a sheet of prepreg has been made, two step s  separa te  i t  from the 
f in a l composite panel, namely lay-up and cure. Lay-up is  the process by which 
individual prepreg sheets are stacked together, in a predetermined order to  give 
the required composite configuration.
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5.2.4.1 Lav-up o f  10 p ly  L am inates
For a l l  composite physical te s ts , except the Double Cantilever Beam CDCB) 
frac tu re  toughness analysis, a 10 ply un id irec tional composite was required, 
represen ting  the sim plest lay-up sequence. A single prepreg sheet, between i t s  
two re lease  paper shee ts  was la id  f la t, and carefu lly  measured and marked in to  
ten sec tions of iden tica l size and area, (approximately 200 x 175 mm, along the 
fib re  axis) ensuring th a t the fib re  d irection  was the same for a l l  ten  sections, 
as shown in figure 5.2.4.1.a.
 ^
Fibre Direction
Figure 5.4.2.1.a
The sheet was accurately  cut with a fresh sca lpel to  give ten id en tica l sec tions 
of prepreg, each coated on both sides with i t s  re lease  paper. These ten prepreg 
sh ee ts  were stacked together by removing one side of backing paper from each 
piece; i f  the prepreg sheet was kept cold th is  was not found to  p resen t 
problems with regard to  the prepreg coming apart. Two fresh  s id es  of tacky 
prepreg were then carefu lly  aligned and placed over each other, they were then 
ro lled  with a P.T.F.E. ro lle r  to  bind them together and ensure homogeneity, 
giving a 2 ply lay-up with the outer su rfaces s t i l l  coated with re lease  paper. 
This sequence was simply repeated using the prepreg stack and fu rth e r  fresh  
shee ts  u n til  the necessary 10 plys were assembled, fin a lly  giving a 10 ply lay­
up, coated on both faces with the p ro tec tive  re lease  paper. This stack  was then 
herm etically  sealed in to  a fresh  polythene bag and placed back in to  the deep 
freeze before curing.
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5.2 .4 .2  Lay up o f  1 8 -p ly  L am inates
The DCB frac tu re  toughness te s t  specimen required  an 18 ply laminate, with 
a 40mm P.T.F.E film in se r t placed between p lie s  9 and 10 to give a pre-cracked 
specimen with two id en tica l beams, requiring  a d iffe ren t lay-up sequence to  th a t 
of the 10 ply case. Again a sing le  sheet of prepreg was required fo r each 
laid-up  panel.
In th is  case the sheet was la id  f la t  and measured and marked in to  18 
iden tica lly  sized sec tions (each approximately 160 x 100 mm along the fib re  
axis) with the same fib re  orien tation . This is  i l lu s tra te d  in figu re  5.2.4.2.a 
below:
— _ _ ----------------------------------------------------------------------»
Fibre Direction
Figure 5.2.4.2.a
The mechanics of the lay-up procedure are iden tica l to the 10 ply case 
above, however th is  time two 9 ply lam inates were produced, each coated on one 
side only with the p ro tec tive  backing paper. The P.T.F.E in se r t was achieved by 
cu ttin g  an oversize piece of P.T.F.E film, and laying i t  over one end of one of 
the 9 ply lay-ups, with the edge destined to  provide the in i t ia l  crack fron t 
perpendicular to  the fib re  axis and to a depth of 45-50 mm. This is  shown in 
figure 5.2.4.2.b:
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Fibre Direction
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100mm
PTFE
Figure 5.2.4.2.b
Once the P.T.F.E in se rt was correctly  in place, the two 9 ply lay-ups were 
brought together in the usual manner to  give a sing le  18 ply lay-up with an 
in se r t between plys 9 and 10, with backing paper p ro tec ting  i t s  ou ter faces. 
This lay-up was bagged and sto red  p rior to  cure as for the 10 ply laminate.
5.2.5 Cure o f  M ulti-ply Laminate Samples
Two principal techniques ex is t for the cure of m ulti-p ly  lam ina tes ,. namely 
p ress-cu re  and autoclave cure, both of which were examined during the course of 
th is  work.
Press-cure, as the name suggests is  a reasonably stra igh tfo rw ard  technique 
in which the prepared laminate is  cured between two heated p la tten s, with 
pressure  applied a t a su itab le  point. In b rie f, the stacked laminate was placed 
in to  an alloy 'p ic tu re  frame' mould of a s ize  su itab le  to  allow re s in  to  flow 
out of the laminate under pressure, w hilst physically re ta in in g  the lam inate in 
place. All component p a rts  of th is  mould th a t contact the lam inate must be 
p re trea ted  with a re lease  agent to  enable easy re tr ie v a l of the cured laminate. 
A top caul p la te  was added which ac ts  to evenly tra n s fe r  the p ressu re  applied 
from the top p la tten .
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The prepared mould containing the stacked laminate was placed between the 
p la tten s  of the press, and a thermocouple fo r precise  monitoring of the cure 
tem perature p ro file  placed in to  the mould a t a su itab le  point. The p la tten s
were brought down onto the surface of the  mould, but without any application of 
pressure, the p la tte n s  were heated to the desired  p rese t tem perature thereby 
heating the laminate stack. As the stack  was heated the re s in  underwent a 
v iscosity  change, from a tacky prepreg, to  a liqu id  resin , and as cure proceeded 
to  a more viscous system, through gelation  and onto fin a l v itr if ic a tio n .
The p ress-cu re  technique required th a t as the v iscosity  of the re s in  drops 
the pressure applied to the laminate stack must be minimal to  prevent the 
liquid  resin  being forced out of the laminate. As the re s in  v isco sity  s ta r te d  
to  increase with progressing cure, p ressure  must then be applied to  force the 
laminate together immediately p rio r to  gelation, expelling a ir  or any other 
p o ten tia l void forming m aterial. A fter a su itab le  cure period under pressure, 
the p la tten  p ressure  was reduced and the  cured panel allowed to  cool slowly to  
room temperature, a minimal pressure had to  be re ta ined  on the panel during the 
cooling phase to  ensure i t  re ta ined  a f la t  p rofile , without warping.
The advantages of p ress-cu re  are reasonably obvious, i t  is  an e ssen tia lly  
stra ightforw ard  technique u tilis in g  re la tiv e ly  simple apparatus, giving rapid 
re su lts . For the cure of simple experimental panels i t  is  especially  usefu l as 
no complex moulding requirem ents are made; for the production of large and 
complex mouldings though i t  is  le ss  than ideal. I t  is  also u sefu l in th a t the 
cure process can e ffec tiv e ly  be monitored by v isual observation, which is  most 
usefu l in the cure of novel and experimental re s in  blends. Thus, fo r work such 
as th a t described here i t  would be the method of choice.
I t  was found however, th a t the disadvantages of the technique outweighed 
the advantages. I t  is  not su itab le  for the cure of large and complex mouldings. 
Thick panels may display a tem perature g radient, presenting  problems in 
a tta in in g  complete cure of a laminate and in addition, complex shapes requ ire  
the tooling of precise  moulds. In terms of sample throughput, i t s  advantage in 
apparatus sim plicity  tends to  be o ffse t by the fac t th a t only one panel can be 
cured a t one time in a sing le  press. The preceeding problems do not
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sp ec ifica lly  apply to  th is  study, but one major drawback made the process 
unfeasible for th is  work.
The major problem was th a t of knowing a t p recisely  what point in the cure 
regime to  apply consolidation pressure; too early  and a dry panel with 
unacceptably low re s in  content would re su lt, too la te  and a poor quality , void 
ridden panel would be produced. In theory, i f  a standard cure cycle were 
applied then near id en tica l re s u lts  would be reasonably expected in each case. 
However o ther fac to rs  made th is  unfeasible, the heat up ra te  of the p la tte n s  
was d if f ic u lt  to  standard ise, and as the prepreg contained variab le  amounts of 
both component re s in s  and re s id u a l solvent i t s  tem perature/v iscosity  p ro file  was 
d iffe ren t in each case. Combined, these fac to rs  led to  the re jec tio n  of p ress 
cure techniques, and the adoption of the a lte rn a tiv e  autoclave cure process.
An autoclave is  simply a heated pressure vesse l in which a prepreg 
lam inate can be cured on a f la t  bed p la te  under the influence of precisely  
controlled  tem perature and pressure, with the added advantage th a t cure is  
generally  conducted under vacuum. The technique requ ires  a considerable degree 
of operator sk ill, the technique being highly em pirical with the e ffe c t of any 
cure regime being dependent on the autoclave vessel used.
The considerable expense of the equipment, plus the inherent em pirical 
na tu re  of the method are major disadvantages; however the technique is  widely 
used, especially  in the commercial cure of large panels. A fter su itab le  
development of the cure p ro file , the advantages were found in many re sp ec ts  to  
outweigh the cost, and cured panels were found to  be of much b e tte r  quality . 
Sample throughput is  rapid, with a number of panels being cured sim ultaneously 
and the cure of complex mouldings is  generally  made simpler.
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The stacking sequence fo r a prepreg laminate cured by autoclave techniques 
is  d iffe ren t and more complex than the s tra igh tfo rw ard  press  cure sequence. 
The precise stacking sequence is  shown in figu re  5.2.5.a, with a subsequent 
descrip tion  of the ro le  of each component.
Vacuum  Line
V acuum Bag Caul P late
BreatherPTFE fnon-porousl 
■■■Laminate**™ PTFE fporous)
PTFE fnon-oorou s) 
 M elanex
B ed Plate
Figure 5.2.5.a
The stack in i t s  e n tire ty  was placed on a f la t  metal bed p la te  th a t could 
be easily  moved in to  and out of the pressure vessel, the bed p la te  was 
protected  by a sheet of 'Melanex' film (PTFE). Layers of non-porous PTFE film 
were placed above and below the laminate stack, from which the backing paper 
had previously been removed, th is  served to re ta in  the res in  within the laminate 
as i t  passed through i t s  lowest v iscosity  stages. A caul p la te , of dimensions 
ju s t smaller than the prepreg stack was next placed on the  non-porous PTFE, 
serving to  maintain an even application of pressure, preventing the panel from 
curing in a warped manner. Porous PTFE then served to  tran sp o rt excess resin  
out of the stack. Vacuum was applied via a braided metal lin e  running in to  a 
vacuum bag which encompassed the complete stack. A tig h t sea l was ensured by 
sealing  down the edges of the bag to  the bed p la te  with a su itab le , mouldable 
tape. Early application of vacuum served to remove any v o la tile s  from the 
prepreg, and also  re ta ined  the stack in place on the bed p la te  as the vacuum 
bag shrunk to  a tig h t f i t .  The e ff ic ie n t application of vacuum in to  the  stack, 
and transport of excess res in  and v o la tile s  out was achieved by a b rea ther 
cloth placed d irec tly  underneath the inner surface of the vacuum bag.
After a number of experimental runs, the following cure schedule was found 
to  afford good quality , void free  lam inates with acceptable fib re  content, being
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based on the cure schedule for commercial cyanate re s in s  recommended by Shimp
e t a l<1135. A fter lay up, vacuum was applied and held for approx. 10 hours, or
overnight. At the s ta r t  of the schedule a p ressure  of 6 bar was applied, with
the vacuum being vented as the p ressure  reached 2 bar. A heating ra te  of 2*C
rain*'1 was used to  bring the stack to  a cure tem perature of 180 °C, a t which i t  
was held for 3 hours to  e ffec t cure. The stack was subsequently cooled a t 3*C 
min~1 to  65#C, whereupon the cured panel was re leased  from the bed p la te . A 
free  standing postcure was applied to  a l l  panels subsequent to  the autoclave 
treatm ent, each panel being heated fo r a minimum of 1 hour a t 220 °C in a 
c ircu lating  a ir  oven to afford  complete cure of the panel. As the p recise  
post cure conditions were varied depending on the subsequent analysis 
requirem ents the precise  post cure conditions for each panel are  given alongside 
the re s u lts  obtained for individual te s t s  in Chapter 6.
5.3 Composite Analysis
In order to  ensure the composite panels prepared were of consisten t and 
su ffic ie n t quality  for a valid  te s t  programme, a simple regime of quality  
assurance was conducted. The te s t s  conducted a re  described below, along with a
b rie f descrip tion of the e ffe c t each property has on composite p roperties.
5.3.1 Composite Density
A knowledge of the density  of a carbon fib re  reinforced p la s tic  CCFRP) is  
of importance as CFRPs o ffe r re la tiv e ly  low density  and correspondingly high
mechanical p roperties per unit weight, Aside from th is , an assessm ent of 
density  is  of profound importance as a quality  assurance tool. A knowledge of 
the fib re  density, neat res in  density, composite density  and fib re  content of the 
composite a l l  allow an assessment of physical te s t  data to  be made in an
unambiguous manner. Void content has a profound e ffe c t on the physical 
p roperties of a composite panel, and as a percentage of the to ta l  void content 
may be in the form of micro-voids, undetectable by ultrasound techniques; 
density  measurements provide the su re s t way for accurate void determ ination. 
Using the cured neat- resin  density, fib re  density, and fib re  content data  i t  is
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possible to  deduce a th eo re tic a l value . for the composite density, hence 
anydiscrepancy between the th eo re tic a l and measured values of composite density 
can be assumed to  be due to  voids in the composite matrix.
5.3.1.1 Displacement Technique for Density Measurement
The displacement technique for density  measurement is  equally applicable 
to  the measurement of composite density  and to cured neat re s in  density . The 
method used is  based on th a t recommended in the appropriate  B ritish  
Standard*1 s:>, however as the derived data may be required for appropriate  
volume frac tion  and void content calcu lations, an accuracy of + /-  0.2% is  
desired C43'B3:iI This requ ires  th a t the te s t  be carried  out with the utmost care 
and a tten tio n  to  detail.
A rep resen ta tive  sample of the composite, approximately lg  in weight 
wasrequired. This was thoroughly dried p rio r to  analysis by p re-trea tm en t in a 
therm ostatically  controlled oven, with or without applied vacuum* \  The
sample was weighed f i r s t  in a ir, then immersed in d is t i l le d  w ater to  an accuracy 
of 10_e'g (0.0lmg) using a M ettler 33360 density  determ ination apparatus and a 
five figure balance, the tem perature of the water bath was a lso  accurate ly  
determined during the te s t .  I t  is  e sse n tia l th a t no a ir  bubbles adhere to  the 
sides of the sample; i f  th is  c rea tes  a problem a w etting agent may be used, 
however any e ffec t th is  may have on the density  of the immersion flu id  must be 
taken into account.
Sample density p (gem- 3 ) is  calculated  thus:
p = A.D 
P
where A = sample weight in a ir  (g)
D = density of water a t te s t  tem perature (gem- 3 )
P = apparent weight of sample immersed in water (g)
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5.3.2 F ib re  C ontent
A number of techniques ex ist for the determ ination of fib re  content in 
composite samples, the one used in th is  study is  the sulphuric acid/hydrogen 
peroxide d igestion  technique outlined by the Composite Research Advisory Group 
(CRAG)*'13 \
A rep resen ta tive  piece of composite of approx. lg  was weighed accurately  
to  0 .0Img on a five figure  balance, and placed in a 250ml beaker. 20ml conc. 
sulphuric acid was added and a watch g la ss  placed over the beaker. The beaker 
was gently  heated u n til  fumes were evolved, and then allowed to  simmer for 
20mins; 60% hydrogen peroxide was added cautiously  (un til in excess), by 
dropping p ip e tte  down the wall of the beaker. The re su ltan t so lu tion  was boiled 
for a fu rth e r 10-15 minutes, whereupon i t  should be colourless. I f  any colour 
remained, fu rth e r hydrogen peroxide was added once the solution had cooled and 
the sample reheated as necessary.
Once a l l  colour had been discharged, the so lu tion  was cooled and deionised 
water cautiously  added u n til the v iolent reaction  subsided. The so lu tion  was 
fu rth e r d ilu ted  to  a to ta l  of 100ml. This so lu tion  was f i l te re d  through a 
previously tared  no.2 s in te r  g lass  crucib le to trap  the loose fib re , and the 
crucible contents washed well with deionised water. The crucible and fib re  
contents were dried to  constant weight a t 120°C, cooled in a d ess ica to r and 
reweighed.
Fibre content (weight frac tion) is  calcu lated  thus:
Fibre content = fib re  weight x 100% 
composite weight
If  the fibre and re s in  density are both known i t  is  possible to  convert 
the above data in to  volume fraction:
Fibre volume frac tion  = Fibre content x p-
P f
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Resin volume frac tion  = (1 -  M,.) p._ x 100%
Mc x pr
where p1= = Composite density  (gem- 3 ) 
p.,.- = Fibre density (gem- 3 ) 
p*. = Resin density  (gem- 3 )
Mc = Mass of composite (g)
= Mass of fib re  (g)
Resin density  may be obtained e ith e r from m anufacturers data, or in the 
case of blends or novel m aterials by the method outlined in Section 5.3.1 above. 
Likewise fib re  density can also be obtained from m anufacturers data, or 
a lte rn a tiv e ly  by weighing a se r ie s  of accurately  measured lengths of fib re  to  
obtain the mass per unit length, and converting th is  figu re  in to  mass per unit 
volume (density).
5.3.3 Ultrasound Testing (C-Scan)
The quality  of the cured lam inates was examined in each case using 
u ltrason ic  techniques. U ltrasonics can be used in m ateria ls  analysis  to  find 
im perfections within an a rtic le , to determine mechanical moduli and m ateria l
thickness. I t  is  the f i r s t  o f these, flaw detection, th a t is  commonly used for
m ateria ls  quality  control and was applied in each case during th is  study. A 
descrip tion  of the physics and applications of the ultrasound technique with 
respec t to m ateria ls analysis can be found in the Quality Technology 
Handbook<147' 103>,
In flaw detection, transm itted  pulses of u ltrasound are a tten u ated  from 
boundaries within the sample, namely the upper and lower faces o f the m ateria l 
and any flaws or voids within the m atrix or between fib re  and matrix. 
U ltrasonic pulses are most commonly produced and received by p iezoe lec tric  
transducers which are capable of acting as both tran sm itte r and receiver, these 
are conducted through a flu id  bath, typ ically  water, as u ltrasound req u ires  the 
presence of a coupling medium for transm ission, A typ ica l configuration  for
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flaw detection is  shown in figure 5.3.3.a. By th is  means a ’p ic tu re ' of the
in te r io r  of a sample can be deduced.
Tran s m itte r/Re ce  i ve  r
Flaw
S am ple
Figure 5.3.3.a
The information obtained in an u ltrason ic  experiment is  commonly displayed 
as a. 'scan', of which the 'C-scan' type is  the most useful* 1 es>. This form 
generates a map of the sample, with areas of a ttenuated  transm ission giving an 
indication of the size, shape and position of flaws within the sample. Typical 
’C scans of ac tu a l lam inates examined during the course of th is  work are  shown 
in figu res 5 . 3 . 3 . b and 5.3.3.C. They show respectively , a re jec ted  panel 
containing an undesirable number of voids and a good, void free  panel su itab le  
for physical te stin g . Possible sources of these voids are discussed elsewhere 
in th is  work.
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Figure 3.3.3.C.
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5.4 D ynam ic M echanical A na ly sis  o f  Cured L am inates
5.4.1 Mechanical Behaviour o f  Amorphous Polymers
Cured polymeric m aterials rep resen t a problematic c lass of compounds in
terms of defining th e ir  mechanical behaviour. Whilst i t  is  sometimes possible 
to  define an individual polymer as one of two extremes, such as a g lassy  solid
or a viscous liquid, in p ractice  these p ro p ertie s  tend to  be highly dependent on
the te s t  conditions, such as the te s t  tem perature, ra te  of application of load 
etc. Thus a polymeric m aterial is  often  capable of showing variab le mechanical 
p roperties between these extrem esC47'2'*:2?.
Polymers are generally  described as v isco e lastic  m aterials, ind icating  th e ir  
interm ediate p roperties between the extremes of viscous liqu ids and e la s tic  
solids. Generally a t low tem peratures or high measurement frequencies, polymers 
behave as g lassy  m aterials, and thus are termed as being in a s ta te  below the 
g lass  tra n s itio n  tem perature <Tg). At higher tem peratures, or lower frequencies, 
the polymer w ill become more rubber-like  in behaviour, able to  w ithstand large 
extensions without su ffe rin g  permanent deformation. Finally, a t s t i l l  higher 
tem peratures, th is  rubber-like  behaviour changes in to  behaviour analogous to
th a t of a highly viscous liquid, with any loading deformation becoming permanent 
or slow in recovering. In the in term ediate range, the polymer displays 
behaviour interm ediate between th a t of a g la ss  and a rubber, and an 
interm ediate modulus. V iscoelastic behaviour is  observed with the p o ssib ility  
of large amounts of energy d issipa tion  on s tra in .
The varia tion  in m aterials behaviour, dependent prim arily on the prevailing  
tem perature conditions is  of fundamental importance to  the u ti l is a tio n  of 
polymer composites in s tru c tu ra l applications. I t  is  e sse n tia l th a t the 
mechanical p roperties  required of the polymer are those displayed under the 
prevailing tem perature conditions. Hence the importance of the g la ss  tra n s itio n  
tem perature and the requirement for i t s  measurement.
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5.4.2 Theory o f  Modulus Determination by Dynamic Mechanical Methods
The importance of Tg and i t s  accurate measurement has led to  i t s  
determ ination by a number of techniques, DSC, NMR, Torsional Braid Analysis 
(TBA), and Dynamic Mechanical Analysis CDMA), also  termed Dynamic Mechanical 
Thermal Analysis CDMTA). Systematic derivation o f the necessary re la tio n sh ip s  
involved is  not required for the current work, having been covered by o ther 
workers*3®'43'®3 '2*2 '24,7*, i t  is  usefu l however to  i l lu s t r a te  the  re la tionsh ip  
between the sto rage  (E'> and loss  CE”) moduli, and the phase angle Tan5, and how 
these ter ras re la te  to  the g lass  tran s itio n  tem perature (Tg), th is  is  covered in 
the Appendix section of the thesis.
5.4.2.1 Observable Transitions in Amorphous Polymers
The DMTA technique is  complementary to  DSC analysis, with motional 
tra n s itio n s  within the polymer chains being observable, and thermodynamic 
tra n s itio n s  always being detectab le by the consequent s tru c tu ra l  changes. 
Secondary tra n s itio n s  are not generally  observable by DSC as they are by DMTA. 
An advantage of the  l a t t e r  technique is  th a t i t  perm its the form ulation of 
conclusions with regard to  sample morphology and phase composition.
The mechanical behaviour of amorphous and c ry s ta llin e  polymers d iffe r , 
with c ry s ta llin e  m aterials displaying fa r more complex 
behaviour C42'e3 '242'245'24:7 5 as a re su lt o f th e ir  c ry s ta llin e  tra n s itio n  
behaviour. Amorphous polymers show simpler mechanical behaviour, and i t  is  on 
these th a t the work emphasis is  based.
Relaxation tra n s itio n s  in polymers are labelled  alphabetically  with 
decreasing tem perature thus, <x ,{3 ,y  etc, irresp ec tiv e  of th e ir  molecular orig in . 
These re laxations can often be co rre la ted  with molecular motions from 
techniques such as NMR spectroscopy and d ie le c tr ic  measurement.
The g lass  tra n s itio n  is  invariably observed as the a tran s itio n , ie  the 
highest tem perature tran sitio n , and corresponds to  motions within the main 
polymer backbone; the lower tem perature (3, y e tc  tra n s itio n s  are  generally
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ass igned to  two separa te  fea tu res, namely side chain motions, which are 
generally  well authenticated , or re s tr ic te d  motions of the main chain or end- 
group motions, which are  le ss  well authenticated .
The comments made in previous sec tions with regard to  the e ffec t of 
chemical s tru c tu re  on polymer p roperties apply equally well here. A backbone 
containing flex ib le  bridging groups w ill generally  show a lower Tg than one 
containing more in flex ib le  linkages. Likewise, the same e ffe c t is  observed with 
respect to  flex ib le  or in flex ib le  side groups, but i t  must be remembered th a t as 
the length of side chains increase th is  w ill re su lt in a lowering of the Tg.
Below the Tg, the polymer exh ib its  g lass  like behaviour, the  dynamic 
mechanical p roperties  of the polymer are not unduly affected  by molecular 
weight, although low molecular weight w ill have a de le terious e ffe c t on u ltim ate 
Tg. Ward*2523 explains th is  in terms of a free  volume e ffec t, such th a t an 
increase in the concentration of chain ends reduces molecular packing, thereby 
increasing the free  volume and lowering the  Tg. In the g lass  tra n s itio n  region, 
molecular weight has a more profound e ffec t, encouraging rubber-like  behaviour 
as opposed to  irrev e rs ib le  viscous flow behaviour. This e ffe c t is  associated  
with chain entanglements, which prevent irrev e rs ib le  flow. Likewise, chemical 
cross-linking  ra is e s  the Tg, an e ffec t which may be likened to  th a t of increased 
main chain association  in polar backbones, th is  influence can be such th a t in 
highly cross-linked  m ateria ls no Tg is  observed before ca tastroph ic  
decomposition occurs. The e ffec t is  c learly  explainable in terms of free  volume 
changes, the free  volume being reduced as adjacent sections of the backbone 
become chemically linked.
For a typ ical highly cross-linked m aterial, such as a bis-maleimide, the 
modulus below the Tg is  influenced l i t t l e  by the e ffe c t of cross-linking . Above 
the Tg however the modulus is  strongly  influenced by cross-linking. Likewise, 
the damping peak, which is  often  taken as a measure o f the Tg is  strongly  
affected  by cross-linking. As the extent of cross-link ing  increases then the 
damping peak is  pushed to  higher tem perature as expected, but a lso  becomes more 
broadened. Whether th is  is  due solely to  c ro ss-link ing  is  questionable. I t  has 
been postulated*2453 th a t the inherent heterogeneity  of the cross-linked  
s tru c tu re  is  a major influence, with a d is trib u tio n  in chain length re su ltin g  in
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a corresponding d is trib u tio n  in Tg, with the overa ll e ffe c t being observed as a 
broad range.
The observed e ffe c t on mechanical p roperties  of blending polymers is  
dependent on the com patibility  of the various components. Considering the 
cyanate and bis-maleimide co-polymer systems investigated  herein, a d e fin ite  
observable change in dynamic mechanical behaviour would be expected as the co­
polymer system proceeds from th a t of a BMI/cyanate in te rp en e tra tin g  network 
(IPN) to  th a t of a g ra f t co-polymer. A simple blend of unfunctionalised BMI and 
cyanate, ie  C-353 and B-30 respective ly  would not be expected to  show any co­
reaction, and thus would ideally  form a simultaneous IPN. The mechanical 
behaviour of such an IPN would be reasonably expected to  be observed as a
combination of the behaviour of the individual components, with two Tgs being
observable, one for each component. However, i f  a functionalised cyanate, or any
other reactive  moiety capable of reacting  with both components i s  added, th is  
would e ffec tiv e ly  t ie  the individual components in to  a single, continuous matrix, 
which would then be expected to  display a sing le  Tg corresponding to  a
chemically crosslinked blend of the individual components.
Dynamic mechanical analysis  was therefo re  u til is e d  in th is  study with two 
aims, the f i r s t  to  observe the influence of any g ra ftin g  reaction  due to  the 
addition of reactive  co-polymers, the second to  determine, from the  damping 
peak, the ultim ate Tg of the cross-linked  network, and the influence th a t any 
reactive  co-polymer may have on th is  l a t t e r  property.
5.4.3 Dynamic Mechanical Thermal Analysis
Dynamic mechanical analysis may be conducted by a number of methods using 
d iffe ren t instrum entation*21'353. The technique used fo r th is  study was Dynamic 
Mechanical Thermal Analysis (DMTA)*5®3, in forced v ibration  (non-resonance) mode 
u tilis in g  a Polymer Laboratories DMTA with ex ternal computer control*1 e2 '24S3.
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5.4.3.1 P r a c t ic a l  A spec ts  o f  DMTA A naly sis
A varie ty  of clamping modes are available th a t allow measurement in 
bending, shear and te n s ile  modes. The bending mode was used exclusively for 
th is  study, examining 10 ply composite samples. The sample is  clamped a t both 
ends, w hilst the cen tra l section  is  vibrated  by means of a driving clamp a t the 
end of a ceramic drive sh aft. The applied s t r e s s  is  proportional to  the  a.c. 
current supplied to  the drive shaft, w hilst the s tra in  is  proportional to  the 
sample displacement, measured by a transducer. The phase lag between the 
application of the s tre s s  and re su ltan t s tra in  is  a measure of the  damping, or 
energy d issipa tion  of the sample. The accuracy and reproducib ility , are  
dependent on a number of fac to rs , ranging from heating ra te*2453, to  sample 
mounting and geometry*353.
In a typ ica l DMTA experiment the damping peak and modulus drop occur a t 
approximately the same tem perature in the g lass  tra n s itio n  region, provided the 
frequency is  low (approx. 1Hz). As the frequency is  increased, the damping peak 
tends to  s h if t  to  higher temperature*'333, with a typ ica l increase of 7*C 
reported for a ten fold increase in frequency*17*33. Account must be taken of 
th is  fac to r i f  damping peaks are used for the defin ition  of Tg, so fo r a s t r i c t  
treatm ent the ac tu a l g lass  tra n s itio n  would be expected to  occur some 7*C below 
the tem perature of maximum damping (maximum in E">. Analyses were conducted 
on lOply laminates, 50mm x 10mm x 2mm thick, using dual can tilever bending a t a 
frequency of lOhz.
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5.5 Theory and Practice o f Physical Testing
5.5.1 Fracture Toughness (GT^ ) Analysis
The increasing use of composite m aterials as s tru c tu ra l components subject 
to  loading during th e ir  serv ice  l i f e  has necessita ted  a tte n tio n  regarding 
possible fa ilu re  modes, and hence th e ir  serv ice  lim itations. The work of Wilkins 
e t in v estig a te s  delam ination fa ilu re  as the principal mode fo r l i f e
lim iting fa ilu re . They concentrate on two te s tin g  designs, for mode I and mode 
II  delamination theory (Appendix D), however a number of o ther techniques have 
been described which w ill not be discussed in th is  work, Carlsson and Pipes*475 
give an excellent account of the theory, and p ra c tic a lit ie s  of these te s t
methods. The Double Cantilever Beam (DCB) method developed by Wilkins e t
a lC2495 for mode I fa ilu re , and subsequently adapted by the Composite Research 
Advisory Group (CRAG) as a standard  CRAG Test Method*435 is  the most commonly 
used technique for frac tu re  toughness analysis, and was u tilis e d  exclusively
during th is  study. The theory and p rac tise  of DCB te s tin g  are  outlined in
d e ta il in Appendix E.
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5.5.1.1 DCB F ra c tu re  T oughness Sam ples
The sample dimensions fo r DCB analysis are i l lu s tra te d  in figure 5.5.1.1.a 
below*'*31'.
PTFE
i = 1 2 0 m m
Figure 5.5.1.1.a
where: t  = thickness of te s t  section  (mm)
W = average width in te s t  region (mm)
L = overall specimen length (mm)
P = measured load (N)
a ! = distance between hinge pin and in i t ia l  crack t ip
(mm)
a-, = d istance between hinge pin and extended crack tip  
(mm)
All measurments were accurately  recorded to  10~Amm and were the average of 
th ree  measurements where feasib le.
Sample Preparation
In each case, DCB te s tin g  was carried  out on a minimum of four samples 
with nominal length and thickness of 120mm and 20mm respectively . All four
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samples were cut from a single cured panel prepared as described in Section
5.2.4 above. A fter C-scanning the panel was trimmed on a dry diamond saw to 
remove irreg u la r edge fea tu res, the trimmed panel was then accurately  measured 
and cut, on the same dry saw, to  the sample dimensions given above. The length 
of the PTFE in se rt was as close as possible to  40mm, using the C-scan map as a 
measuring guide (the PTFE in se rt being clearly  v is ib le  on the scan). This gave 
a value fo r the in i t ia l  crack length ( a , ), a t the  s ta r t  of the te s t ,  of 
approximately 25mm.
After in i t ia l  cu tting , the sample edges were carefu lly  smoothed with fine 
emery paper to  remove any rough edge delam inations and s tra y  fib res. The f i r s t  
10mm or so of the sample were a lso  finely  sanded, and wiped with an acetone 
soaked tis su e  to  provide a clean su rface  for subsequent attachment of the 
loading hinges. Two b rass hinges, each prepared by sanding and washing in 
acetone, were then attached to  the upper and lower beams of each sample in the 
positions shown in figu re  5.5.1.1.a, by means of a room tem perature curing, high 
shear and peel s tren g th  epoxy adhesive (Araldite 2005). The adhesive was 
allowed to  cure for 24hrs a t room temp, and was subsequently placed in an oven 
a t approx. 60 °C for 24hrs to  obtain complete cure and maximum adhesive 
s treng th . The need for carefu l sample preparation and hence maximum adhesive 
stren g th  between sample beam and hinges can not be overstated; the hinges act 
to  tra n s fe r  the applied load from te n s ile  mode to  in te r  laminar shear type (mode 
I  frac tu re). Good adhesion is  e sse n tia l to  prevent hinge fa ilu re  re su ltin g  in a 
spoiled te s t .
Finally, the edges of the specimen were painted with a white coating 
("Tippex" typew riter correction fluid), and marked accurately  a t 1mm increments 
from the in i t ia l  crack tip  for the f i r s t  10mm, and subsequently a t 5ram 
increments to  a to ta l  te s t  length of 40mm.
5.5.1.2 DCB Test Procedure
The prepared specimen was mounted in an Instron  te s t  machine by attach ing  
the upstanding legs of each hinge to  a rig id  foot clamped in to  the machine jaws, 
via a pair of machine screw f it t in g s . The hinges were checked fo r free
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movement through th e ir  e n tire  range; i t  was important th a t the hinges should 
move free ly  to  prevent asymmetric loading on the sample, which would induce 
fa ilu re  in a mixed mode ra th e r than tru e  mode I. The mounted sample was 
supported a t i t s  unclamped end by means of a simple horizontal support; th is  
fu r th e r a ss is ted  in assuring mode I frac tu re  conditions.
Once mounted in the te s t  machine the in i t ia l  crack position was marked 
accurately  on the painted edge by means of a sharp pencil and a horizontally  
mounted microscope. The displacement of the machine g rips (and hence the 
displacement of the crack opening) was se t to  zero a t the point where the load 
c e ll on the te s t  machine indicated a load as close to  zero as possible. This 
was achieved by noting the presence of any compressive or te n s ile  load on the 
specimen, and finely  adjusting the grip  displacement to  remove such load.
Once the specimen was s e t in the machine, te s tin g  could proceed. The load 
on the specimen was increased by increasing the g rip  displacement by a constant 
0.5mm/min, the displacement (crack width a t hinge), and peak load were recorded 
d ig ita lly  by the te s tin g  machine w hilst a re a l time analog plot of load versus 
displacement was obtained via an x-y recorder. Loading was continued u n til  the 
f i r s t  induced cracking was observed on the microscope; a t th is  point the te s t  
machine was se t to  record peak load and displacement, and a mark was made on 
the x-y plot. Loading was continued with the same procedure being followed as 
the crack growth reached the next marked increment on the specimen, as observed 
on the microscope. Thus readings were taken a t the in i t ia l  crack propagation, 
a t 1mm in te rv a ls  for the f i r s t  10mm, and a t 5mm in te rv a ls  up to  a to ta l  crack 
length of 40mm, giving a to ta l  of 17 readings. On completion of the t e s t  the 
displacement was returned to  zero and the frac tu red  specimen unloaded.
5.5.1.3 Data Reduction for DCB analysis
Fracture toughness Glc values can be derived by a number of 
m e a n s o f  which none is  accepted as a standard. Considering the 
fac t th a t frac tu re  toughness is  calculable by a number of methods, care should 
be exercised when comparing re s u lts  reported by d iffe ren t workers.
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Three methods were u tilis e d  in th is  work, a l l  of which were calculated  
sim ultaneously using dedicated computer softw are w ritten  by Mr M.Hiley, 
M aterials and S tructu res  Div., DRA, Farnborough. The theory and p rac tise  of 
these methods are described in Appendix E.
5.5.2 Compressive Strength Testing
Compressive te s tin g  of a fib re  reinforced composite specimen involves 
loading the sample to  induce local buckling of the fib re  in a small te s t  region. 
Fibre in s ta b ility  within the specimen leads in i t ia l ly  to  the formation of a kink 
zone followed by frac tu re  of the fib re  and hence m aterial fa ilu re . This is  
i l lu s tra te d  in figure 5.5.2.a.
The re su lt of such a fa ilu re  mode is  th a t the compressive s tren g th  of a 
composite specimen is  determined by two major fac to rs, namely the s tren g th  of 
the f ib re /re s in  in te rface  and the p roperties  of the cured resin . Fibre s tren g th  
does not affo rd  any major influence on compressive p roperties.
Figure 5.5.2.a
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5.5.2.1 Sample P re p a ra tio n  fo r  Com pressive T e s tin g
The specimen type used in th is  study is  th a t recommended by CRAG, i t  being 
a Celanese type specimen shown in figu re  5.5.2.1.a.
50mm
0mm
50mm
Figure 5.5.2.1.a
Five samples with the quoted dimensions were cut, using a wet diamond saw 
from a 10 ply unid irectional composite panel prepared as described in Section
5.2.4 above. The panel was previously C-scanned to ensure there  were no voids 
or flaws within the proposed te s t  specimens th a t could lead to  ir re g u la r  
re su lts . Alloy end tabs were attached to  allow the specimen to  be mounted in 
the te s t  jig  by the following procedure. The centre 10mm te s t  sec tion  of the 
specimen was coated with p ro tective tape, the specimen was then g r i t  b lasted  to  
provide a good surface for the attachment of the end tabs, the specimen was 
carefu lly  wiped with an acetone soaked tis su e  and the p ro tec tive  tape fin a lly  
removed from the te s t  region. Oversized alloy end tabs were a lso  gently  
abraided with fine emery paper and degreased with acetone. Once the adhering 
su rfaces had been prepared, the end tabs were fixed to  the specimen using a two 
pack epoxy adhesive (Redux 403, Ciba-Geigy>. The adhesive was s e t  to  cure for 
24hrs a t room tem perature in a press to  ensure good alignment, and subsequently 
fo r 24hrs a t approx. 80°C to give maximum bond s treng th . Finally, i t  was 
necessary to  machine the end tabs on a grinder to  bring them flush  with the 
composite specimen so as the specimen could be easily  mounted in the  t e s t  jig .
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The need for carefu l sample preparation, especially  avoiding contamination of 
the te s t  region with excess epoxy adhesive, cannot be overstated.
5.5.2.2 Compressive Test Procedure
A number of re la tiv e ly  complex te s t  fix tu re s  have been developed fo r the 
compressive te s tin g  of composite s a m p l e s R e g a r d l e s s  of design they must 
share the common a ttr ib u te s  of m aintaining accurate alignment and ro ta tio n a l 
re s tra in t  through the end fix tu res . The te s t  apparatus used for th is  study was 
a modified Celanese jig * 1'*3 * illu s tra te d  in figure  5.5.2.2.a.
LOAD
SPECIMEN
Figure 5.5.2.2.a
Before mounting, the specimen was accurately  measured to  an accuracy of 
lO-^mm using a d ig ita l micrometer, specimen edges must be p a ra lle l to  + /- 
0.1mm, w hilst the end tab faces must be p a ra lle l and aligned to  + /- 0.05mm. The 
specimen was mounted in one jaw of the te s t  jig , ensuring th a t the specimen
axis was perpendicular to  the te s t  jig  by accurate alignment with a 90" se t 
square. The top section  of the jig  was then attached and the complete jig
mounted in an Instron  t e s t  machine. The compressive load was increased a t a
constant ra te  of Imm/min to  induce specimen fa ilu re  within 30-120 seconds. An
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analogue plot of load versus displacement was sim ultaneously recorded via the 
machine x-y p lo tte r. For the data to  be valid, fa ilu re  must occur close to the 
centre of the specimen, and certa in ly  within the  untabbed te s t  region.
5.5.3 Flexural Strength and Modulus
The u ltim ate flex u ra l s tren g th  and flexu ra l modulus of a composite sample 
were determined by the th ree-po in t flexura l te s t  method*2 '43'*-7'2*2*2470. This 
te s t  d iffe rs  from o thers u tilis e d  during the course of th is  study in th a t alone 
i t  does not supply valid  design data. The reason for th is  can be seen i f  we 
consider the mode by which specimen fa ilu re  is  induced, figure  5.5.3.a.
As the specimen is  subjected to  flexu ra l load the sample deforms, such 
th a t the lower su rface  is  under ten sile  load, w hilst the upper surface 
experiences a compressive load. Thus ultim ate specimen fa ilu re  is  a re s u lt  of a 
mixed fa ilu re  mode, which is  not conveniently iso la ted  in to  i t s  individual 
components. However the te s t  is  useful, because, as the  flex u ra l loading 
combines both compressive and te n s ile  modes, i t  serves as an independent check 
for the former, w hilst involving an element of the la t te r .  No analysis  was 
conducted for te n s ile  s tren g th  during the course of th is  work, the reason being 
th a t ten s ile  fa ilu re  is  a fib re  dominated property. As the fib re  was the same 
for every sample i t  is  reasonable to  assume th a t the te n s ile  p ro p ertie s  would 
show l i t t l e  d ifference and provide l i t t l e  worthwhile information with regard  to 
re s in  properties.
Figure 5.5.3.a
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5.5.3.1 Sample Preparation for Flexural T esting
Five rec tangu lar beams, each 120mm x 10mm x approx. 2mm thick were cut, 
using a wet diamond saw from a single, 10 ply, un id irec tional composite panel, 
previously C-scanned as before. Each sample was lig h tly  sanded with fin e  emery 
paper to  remove any sharp edges or small delaminations. The sample dimensions 
quoted above are su ffic ie n t to permit a span-to -th ickness ra t io  of 40:1, th is  
being the recommended value for flexu ra l te s tin g  of un id irec tional carbon fib re  
reinforced composites**33. This ra tio  ensures th a t fa ilu re  occurs by a flex u ra l 
mode ra th e r than by interlam inar shear (Section 5.5.4). Each specimen was 
measured using a d ig ita l micrometer to  10~* mm, with a requirement th a t the 
width and thickness be uniform to  within + /- 0.05mm.
5.5.3.2 Flexural T esting Procedure
The specimen was mounted in an aligned te s t  frame f i t te d  with a loading 
(centre) ro l le r  of 25mm diameter and two support ro lle rs  of 10mm diameter, with 
the necessary span between support ro lle rs  of 80mm being accurately  s e t, and 
mounted in an Instron  te s tin g  machine. The large  ro lle r  size  prevents specimen 
indentation, thus reducing the risk  of localised  loading. The specimen was 
loaded a t a ra te  of lOmm/min by compression through the centre ro lle r, causing 
fa ilu re  in 30-120 seconds. An analogue plot of load versus displacement was 
obtained via an x-y p lo tte r. In order th a t the data be valid, fa ilu re  must be 
observed to  have occured by flexu ra l mode. Possible fa ilu re  modes in th ree 
point bend te s t s  are illu s tra te d  in Section 5.5.4.
5.5.4 Interlaminar Shear Strength GLSS) Testing
Interlam inar Shear Strength (ILSS) determ ination is  a lso  based on a th ree  
point flexu ra l procedure as described above. In the case of ILSS determ ination 
however, a fa r sh o rte r gauge length, and span between supports is  employed in 
order to constrain the specimen to  fa i l  by an in terlam inar shear mode, as 
opposed to  flexu ra l fa ilu re , the precise opposite of the te s t  requirem ents for 
flex u ra l s tren g th  and modulus determination.
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The modes by which valid interlam inar shear fa ilu re  are considered to  
occur are i l lu s tra te d  in figu re  5.5.4.a below, along with valid fa ilu re  modes for 
flex u ra l fa ilu re .
A -  Single shear. Valid.
B -  Multiple shear. Valid.
C -  P las tic  deformation. Valid, with 
evidence of shear fa ilu re .
D -  F lexural fa ilu re . Invalid 
and E for interlam inar shear.
Figure 5.5.4.a
I f  fa ilu re  is  deemed to have occured by a flexu ra l mode, then the observed 
s tren g th  w ill be lower than th a t obtained for tru e  interlam inar fa ilu re .
5.5.4.1 Sample Preparation for ILSS te s tin g
Five rectangular samples, each 20mm x 10mm x approx. 2mm thick, were cut 
from a 10 ply un id irec tional panel, th a t had previously been C-scanned, using a 
wet diamond saw. The specimens were carefu lly  sanded with fine emery paper to  
remove any edge delam inations or sharp edges, prior to  being accurately  
measured with a d ig ita l micrometer to  10“* mm.
D
5.5.4.2 ILSS T e s t  P rocedure
An id en tica l te s t  frame to  th a t described in Section 5.5.3.2 above, was 
used in th is  case, however the loading ro lle r  was 10mm, and the support ro lle rs  
5mm in diameter. The span between support ro lle rs  was accurately  s e t to the 
required 10mm (span (s) = 5t, + /- 0.5mm)*433.
The sample was carefu lly  mounted in the frame, ensuring th a t the sample 
was exactly perpendicular to  the ro lle r  axes. Compressive loading was in itia te d  
a t a ra te  of lOmm/min, causing fa ilu re  within 15-45 seconds. The 
load/deflection  plot was sim ultaneously recorded via the x-y p lo tte r , giving an 
easily  readable value for load a t fa ilu re .
5.6 Environmental Performance of Composite Samples
The preceeding te s t s  a l l  describe analysis of composite performance 
conducted under standard laboratory  conditions of humidity and tem perature. I t  
must be remembered though th a t these conditions are rarely , i f  ever, encountered 
by a composite panel in a 're a l l i f e ' performance s itu a tio n , especially  in the 
case of aerospace applications. The commonly encountered conditions of 
tem perature and humidity have already been described, and the te s t s  above can 
a l l  be conducted under sim ulated environmental conditions by use of an 
environmental chamber and/or preconditioning of the composite sample. A 
reg re tta b le  consequence of the time lim ita tions imposed in the production of 
th is  work was th a t i t  was not possible to repeat the physical te s tin g  regime 
under simulated use conditions, which in re a lity , would give a fa ire r  re fle c tio n  
of the tru e  performance c h a rac te ris tic s  of the system.
Apart from the obvious e ffe c ts  of elevated tem perature under atm ospheric 
conditions, the p la s tic is in g  e ffec t of absorbed water in to  the composite a lso  
a ffo rds a de le terious e ffec t on composite performance. The water absorption 
ch a rac te ris tic s  of cured cyanate e s te rs  and bis-maleimide re s in s  are described 
in previous chapters, giving the general trend that cyanate re s in s  generally  
absorb considerably le ss  moisture than bis-maleimides, and thus tend to  
favourably re ta in  th e ir  physical p roperties. The precise water absorption
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c h a rac te ris tic s  of resin  m atrices as composites is  ra re ly  conducted, hence i t  
was decided th a t composite samples would provide usefu l m ateria l fo r m oisture 
analysis, and in addition yield information d irec tly  applicable to  end use 
applications.
5.6.1 Water Absorption Testing
The sample requirem ents for composite water absorption te s t s  are not 
subject to  any standard. The general requirement for any w ater absorption 
technique is  tha t the sample under investigation  must have su ff ic ie n t surface 
area to enable reasonably rapid d iffusion  of moisture, and to  achieve sa tu ra tio n  
within a reasonable time scale. At the same time, the volume of the sample 
must be su ffic ie n t th a t excessive e rro rs  are not introduced due to  rapid 
m oisture d iffusion  out of the sample during the weighing process. For th is  
reason the tow samples prepared and cured as described in preceeding sec tions 
were considered ideal. By analysing a number of tow samples of id en tica l re s in  
composition sim ultaneously i t  was a lso  hoped th a t any inconsistencies due to  
sample varia tions (possibly from samples prepared a t d iffe ren t tim es) could be 
minimised.
5.6.1.1 Water Absorption Test Methods
The only requirem ents for a good environmental conditioning te s t  are th a t 
both humidity and tem perature should be maintained a t a constant, known level 
for the e n tire ty  of the te s t ,  and th a t e rro rs  introduced during the  handling and 
weighing procedures be minimal.
Constant humidity is  obtainable by iso la tin g  the samples w ithin the same 
sealed environmental chamber, which contains a s a l t  so lu tion  prepared to  achieve 
the desired constant humidity. Solutions of inorganic and organic s a l t s  provide 
a simple route to humidity control*13' 1723. The humidity of the environment 
provided by such so lu tions was constantly  monitored in a l l  the conditioning 
experiments using a h a ir hygrometer. The conditioning tem perature was 
controlled by use of a therraostatted chamber for tem peratures above ambient.
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In th is  case a drying p is to l proved ideal, and su itab ly  insu la ted  g lass  
dess ica to rs  were u tilis e d  for ambient tem perature te s ts .  The various 
tem peratures were constantly  monitored with a mercury thermometer.
The conditions chosen fo r the moisture te s tin g  were as follows:
1. 70% humidity a t ambient tem perature (22-25*0
2. Constant immersion a t ambient tem perature, and
3. 75% humidity a t 70 *C.
70% and 75% hum idities were provided by sa tu ra ted  sodium chloride solution, a t 
ambient and elevated tem perature*13 ' 172?. Constant immersion simply involved 
immersion in a large volume of deionised water.
Weighing the samples in an appropriate manner, to  achieve accurate and 
reproducible re su lts  p resen ts the major problem in any such te s t .  I t  is  very
important th a t the sample is  not allowed to  dry out a t a ll, hence losing
absorbed moisture, but sim ilarly  i t  is  also e sse n tia l th a t the sample has no 
extraneous moisture on i t s  surface which may give abnormally high m oisture
content data.
A system atic technique was adopted whereby samples were removed from the 
respective  chamber, placed between absorbent tis su e s  to remove su rface  m oisture 
and immediately placed in to  sealed, ta red  g la ss  v ials. The weight of the sample 
was determined by subtraction , and the sample immediately replaced in to  the
respective  chamber with the next sample being removed a t the same time.
Six id en tica l tow samples, approximately 5cm in length, 1.5mm diam eter were 
te s ted  for each res in  combination a t each environmental condition. All s ix  
samples were weighed simultaneously to prevent e rro rs  due to  sample drying etc. 
Weighings were conducted a t regu lar in te rv a ls  over a to ta l  conditioning period 
of 90 days, which was found adequate to  accomplish equilibrium  m oisture 
absorption measurements a t each humidity.
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6.1 R e a c tiv ity  o f  A lly l and P ropenyl F u n c tio n a lis e d  M od ifiers
Before embarking on a de tailed  composite te s tin g  programme i t  was 
e sse n tia l to  ascerta in  the re la tiv e  re a c tiv i t ie s  of a lly l and propenyl 
functionalised aroma Lies towards maleimide groups. The precise d e ta i ls  of the 
DSC experimental procedure are described in Chapter 2, the re s u lts  of which are 
tabu lated  in Table 6.1.a. From the re s u lts  i t  i s  possib le  to  make a number of 
conclusions regarding the fe a s ib ility  of both a lly l and propenyl functionalised 
m odifiers, th e ir  re a c tiv ity  towards maleimides, and the e ffec t of c a ta ly s is  on 
the proposed co-polymerisation reactions.
DSC R eactivity Studies o f Functionalised BMI M odifiers
Results below are  quoted:
Onset temperature, TorMMi.t<#C> /  Exotherm maximum Tp<a.etk(°C)
% DDM-BM DABA TM121 TM123 MB (2)
50 164/250 184/248 168/215 169/181
33 170/247 181/246 170/213 169/181
50 + 2 MI 163/229 171/231 162/204 169/175
33 + 2 MI 166/239 173/225 167/208 169/174
50 + DABC0 162/250 174/241 162/202 169/177
33 + DABC0 162/249 165/244 162/217 169/175
50 + CuAcac 163/230 173/249 164/222 169/175
33 + CuAcac 163/226 181/244 166/221 169/175
50 + VAcac 163/254 165/248 165/219 169/182
33 + VAcac 171/252 169/243 164/213 169/182
50 CoAcac 167/251 179/249 170/220 169/176
33 + CoAcac 171/259 178/247 175/220 169/176
Table 6 .1 .a
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100% DDM-BMI o n se t 169 CC
peak 185-195 *C
key:
DABCO
CuAcac
DABA
CoAcac
TM121
TM123
MB (2)
2 MI
VAcac
-  B is-2,2’-  (3 -ally  l-4-hydroxyphenyl)propane
-  Compimide TM121
-  Compimide TM123
-  Diallylamine adduct of DDM-BMI <by molten blend synthesis)
-  2-Methyliraidazole
-  Diazobicyclo(2,2,2)octane
-  Copper (Il)acety lacetonate
-  Vanadium CIIDacetylacetonate
-  Cobalt (IID acetylacetonate
Conditions:
Sample size: 10+/-1 mg
Heating Rate: 10*Cmin-1
\ Open pans, N=> ClOmlmin- '1)
no onset tem peratures were d istingu ishab le  for MB (2) systems, but polym erisation 
onset was observed immediately subsequent to the melting endotherm.
Considering the re su lts  observed fo r the homo-polymerisation of DDM-BMI, 
i t  is  c lear th a t no corre la tion  e x is ts  between Torm<a.t  and Tpiaak for DDM-BMI 
homo-polymerisation and those observed for the various co-reactive blends. The 
obvious im plication is  tha t homo-polymerisation of the BMI and co-reaction with 
the various m odifiers is  e ffec tiv e ly  concurrent and unresolvable. The fac t th a t 
co-reaction occurs is  clearly  seen i f  the shape of typ ica l DSC thermograms are 
considered; figure  6.1.a shows a composite p lot consisting  of DDM-BMI homo­
polym erisation (upper trace) and a blend of DDM-DMI /  DABA (66:33 wt%) (lower 
trace), being typ ica l and rep resen ta tiv e  of a l l  the systems considered. I t  is  
c lear th a t homo- and co-reaction of the BMI are concurrent in the lower trace  
but not coincident with the upper trace. Other co-polymer systems show 
s lig h tly  d iffe ren t shaped thermograms, some with more than one mode -  almost 
resolvable into d iffe ren t processes, but the general descrip tion  remains the 
same.
Four reactions could be considered possible in the co-polymerisation 
process. In order of reaction  tem perature these would be expected to  be: homo- 
polymerisation of the BMI, 'ene* reaction  between a lly l  groups and maleimide /  
Diels-Alder reaction  of propenyl groups with maleimide, and a possible 
intram olecular cyclisa tion  of polymerised BMI chains0  0-7 3. I t  is  of in te re s t to 
th is  work to  determine which of these two in term ediate processes occurs a t 
lower tem perature.
EXO­
HEAT 
FLOW
ENDO-
Tr T
100 200 
Figure 6.1.a
_______   O f~ \au u  o
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The lower the co-polymerisation reaction  tem perature, the g re a te r  the 
p o ten tia l for complete co-reaction, which would be expected to  yield a cured 
network with improved properties. The fac t th a t a l l  these  processes appear to 
occur over the same, narrow tem perature range prevents deconvolution of 
individual processes.
The re s u lts  above indicate th a t the dominant fac to r in the reaction  
exotherm is  the s tru c tu re  of the modifier, and not the polym erisation ca ta ly st. 
In every case the onset tem perature is  very sim ilar, being governed by the 
melting of the DDM-BMI before reaction  can occur a t a ll. In the  case of pure 
BMIs, homo-polymerisation occurs immediately subsequent to  melting, as the 
purity  of the BMI is  reduced (in th is  case by the addition of the co-monomer), 
the onset of polym erisation occurs a t higher tem peratures. In a l l  probability , 
melting of the BMI component is  the major fac to r in determining the onset 
tem perature. Each sample contains a maximum of 75% m icroanalytically  pure DDM- 
BMI, hence the onset of polymerisation is  sh ifted  to  s lig h tly  higher 
tem peratures, and is  fa ir ly  consisten t between samples. I t  is  c lea r th a t the 
various ca ta ly s ts  have neglig ib le  observable e ffe c t on the onset tem perature of 
homo- or co-polymerisation.
If  the exotherm peak maxima are considered, two fac to rs  would be expected 
to be in flu en tia l, namely the ca ta ly st used, and the s tru c tu re  of the co-polymer. 
E ither or both of these could provide an eas ie r rou te  to  the cross-linked  
polymer, which could be m anifest in a lower reaction  exotherm maxima and a co­
polymerisation reaction th a t is  po ten tia lly  complete a t lower tem perature.
As previously, the e ffe c t of ca ta ly sis  appears to  be a t best minimal, th is  
is  somewhat unusual. One would expect any ca ta ly s t capable of promoting the 
homo-polymerisation of BMIs to  also promote the a lly l-  /  BMI 'ene* reaction, both 
of these  being stra igh tforw ard  vinyl addition type reactions. C atalysis of the 
[4 + 21n Diels-Alder cycloaddition would not be considered to  be an im portant 
factor. Such an addition process is  strongly  favoured by e lec tron  withdrawing 
groups in the dienophile, which makes maleic anhydride and maleimide groups 
potent reac tan ts  for such a process, p lausibly making the use of c a ta ly s ts  
unecessary. Besides these factors, i t  is  d if f ic u l t  to  imagine any log ica l mode
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of action for a Diels-Alder ca ta ly s t th a t sim ultaneously promotes the correct 
e lec tron ic  configuration, but without causing any s te r ic  hindrance.
The only c a ta ly s t observed to  have a consisten t beneficia l e ffe c t on the 
exotherm maxima was 2-methylimidazole, reducing the tem perature (Tpiaak) by 
approximately 10°C in each case. Stenzenberger e t  al*3133 have already noted 
the benefic ia l e ffe c t of th is  ca ta ly s t with respect to  BMI homo-polymerisation. 
Other c a ta ly s ts  fa iled  to  show any consisten t improvement in the re a c tiv ity  for 
a l l  blends, but did display some improvements with individual systems.
The possible influence of c a ta ly s ts  on such co-polymer systems could be 
expected to show both advantageous and disadvantageous e ffe c ts . The e ffe c t 
with regard to  the proposed Diels-Alder process has already been mentioned, 
with regard to  the BMI homo-polymerisation and BMI /  a lly l 'ene' reac tio n s  the
s itu a tio n  is  somewhat d iffe ren t. As both reactions involve vinyl addition, any
ca ta ly s t would be expected to  'compete' for reac tiv e  s ite s . As the maleimide 
group is  po ten tia lly  the more reactive  (by v irtu e  of i t s  e lec tron  withdrawing 
carbonyl groups), the presence of c a ta ly s t could be expected to  lead to  a degree 
of BMI homo-polymerisation p rio r to  any 'ene* reaction  occuring; th is  fac to r
could well lead to  a reduction in the p o ten tia l re a c tiv ity  of the a lly l groups
by v irtu e  of the fac t th a t, i f  BMI homo-polymerisation proceeds to  a g re a te r  
ex tent p rior to  the 'ene' reaction, then th is  re s u lts  in a lower concentration of 
unreacted maleimide groups available for co-polymerisation. Sim ilarly, the
p o ten tia l extent of reaction  may be reduced by an e a r lie r  onset of gelation ,
leading to the presence of a higher degree of unreacted a lly l groups in the
cured matrix.
The s tru c tu re  of the co-polymer had a fa r more marked e ffe c t on the  co­
re  action tem peratures. Regardless of ca ta ly st, the propenyl functionalised  
modifier (Compimide TM123), showed a peak exotherm maximum tem perature 
consisten tly  some 30 CC below those observed for the a lly l containing m odifiers. 
The allylamine functionalised  modifier (MB (2)) a lso  showed Tpiajkk tem peratures a 
fu rth e r 40 ”C lower, th is  la t te r  case being explained by the re a c tiv ity  o f the 
secondary amine group of MB (2), forming an aspartim ide linkage with the
maleimide, as opposed to  the 'ene' reaction  of the a lly l group. The c lear
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implication of th is  is  th a t the propenyl Diels-Alder process is  more favourable 
than the a lly l 'ene' process.
The explanation for the enhanced re a c tiv ity  would be expected to  lie  in 
the p o ten tia l reaction  routes, the Diels-Alder reaction  of propenyl groups with 
the maleimide dieneophile appearing to  be more favourable than the 'ene' 
reaction  of a lly l groups. Both co-polymerisation rou tes lead to  single , be ll 
shaped exotherms, suggesting th a t a l l  reactions are e sse n tia lly  concurrent, 
figure 6.1.b.
EXO-/t\
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FLOW
\j/
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5 0 2 5 0 3 5 0Figure 6.1.b  ° C
If  the various proposed reaction  mechanisms are  considered, figu re  6.1.c, 
then i t  becomes clear th a t the 'ene' and Diels-Alder processes are  the  only 
major mechanisms to  be considered, although a t higher tem peratures side 
reactions may occur due to  thermal degradation. Allyl co-reaction proceeds
-1 7 0 -
through the 'ene', followed by a Diels-Alder process, propenyl co-reaction 
proceeds through one or two consecutive Diels-Alder processes. I f  we consider 
the thermogram for the a lly l modifier, only one peak is  observed, the 
im plication of th is  being th a t the 'ene' and Diels-Alder processes occur 
concurrently. For th is  to  be the case, Diels-Alder reaction  must proceed 
immediately subsequent to  the 'ene' reaction, as i t  is  necessary for th is  'ene' 
reaction  to  occur in order for the correct symmetry to  be achieved for the 
second Diels-Alder stage. I t  seems reasonable therefo re  to  presume th a t the 
reaction  is  lim ited by the in i t ia l  'ene' reaction, not the Diels-Alder process.
0
0 
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The conclusion th e re fo re  is  th a t propenyl functionalised  m odifiers display 
po ten tia lly  g rea te r re a c tiv ity  towards maleimides than th e ir  a lly l functionalised 
counterparts, which is  a su rp ris ing  re su lt. Propenyl functionalised  aromatics 
a re  capable of conjugation with the aromatic ring, making them more s tab le  than 
the a lly l isomer, th is  conjugation providing the driving force in the base 
induced Claisen rearrangement of a lly l  to  propenyl aromatics, and would be 
expected to  lead to lower re a c tiv ity  in the propenyl isomer. Seemingly i t  is  
the p o ten tia l of the maleimide group as the dienophile, and not the re la tiv e  
un reactiv ity  of the diene th a t could dominate the co-reaction process.
The proposal for a two step  Diels-Alder co-reaction for propenyl aromatics 
is  supported by fu rth e r examination of the thermograms obtained. In the case 
of the propenyl modifier (TM123), a second reaction  exotherm was often  
observable around 280*0, figure  6.1.d. This fea tu re  is  not observed in the 
thermograms involving a lly l co-reactants, and thus may be ten ta tiv e ly  assigned 
to the occurence of the proposed second Diels-Alder process in the two step  
reaction.
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Overall, th is  study suggests th a t propenyl functionalised aromatic 
compounds o ffe r considerable p o ten tia l as reac tiv e  m odifiers for BMIs, and 
indeed, appear to show enhanced re a c tiv ity  over th e ir  a lly l isomers. This has 
the p o ten tia l for producing toughened co-polymer systems with enhanced physical 
and thermal p roperties over more common approaches by v irtu e  of the p o ssib ility  
of a g rea te r extent of reaction  yielding a m atrix with enhanced properties. 
Enhanced reac tiv ity  does not however autom atically yield a matrix with improved 
physical and thermal properties, especially  in respect of frac tu re  toughness, the 
very property th a t r e s t r ic ts  the application of BMI Aomo-polymer systems. In 
order to te s t  th is , the de tailed  composite te s tin g  regime was conducted, the 
re s u lts  and im plications of which are outlined in subsequent sections.
6.2 R eactivity of Propenyl functionalised  Aromatics
Propenyl functionalised arom atics are proposed to undergo fac ile  D iels- 
Alder addition with maleimide. The evidence discussed above suggests th a t such 
addition is  capable of occuring a t lower tem peratures than the 'ene' reaction, 
between maleimide and the more commonly encountered a lly l functionalised  co­
reactan ts . By v irtue  of i t s  existence as c is /tra n s -  geom etrical isomers, 
propenyl functionalised aromatics o ffe r the p o ten tia l of d iffe rin g  re a c tiv i t ie s  
towards dienophiles in Diels-Alder reaction.
In order to determine the re la tiv e  re a c tiv i t ie s  of these isomers, a sample 
of 2-propenylphenol was separated in to  an e ssen tia lly  100% trans-  fraction , and 
a blend approximating to 50:50 cis/ trans-  by a method described in Chapter 2. 
These two isomeric frac tions were analysed in co-reaction with maleimide by 
dynamic DSC, under iden tica l conditions described for the previous study. 
Typical DSC curves obtained from th is  study are il lu s tra te d  in figu re  6.2.a., 
from which, i t  may be deduced th a t i t  is  the so le  trans-  isomer th a t displays a 
lower reaction exotherm with maleimide, suggesting i t  to  be somewhat more 
reac tiv e  than i t s  c is -  analog.
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Figure 6.2.a
The c is / tra n s -  isomeric pair, in the correct s - c i s  configuration fo r D iels- 
Alder reaction  are i l lu s tra te d  in figu re  6.2.b. By consideration of these  two
configurations i t  becomes possible to  o ffe r an explanation for th is  enhanced 
re a c tiv ity  of the trans-  isomer.
-1 7 5 -
Figure 6.2.b
Both the c is -  and the trans-  isomers a re  capable of adopting the required 
s - c i s  configuration, however, the ease with which th is  reac tive  configuration 
may be adopted is  sign ifican t. In the case of the trans-  isomer, the propenyl 
methyl group is  oriented away from the aromatic ring, the c is -  isomer though 
brings the methyl group toward the aromatic ring. This s itu a tio n  may lead to  
some s te r ic  hindrance with regard to  the approach of the dienophile, but th is  
may not be sign ifican t. Thermal (4 + 2)ir-electron Diels-Alder addition occurs 
by suprafac ia l overlap of the Highest Occupied Molecular O rbital (HOMO) of one 
reac tan t with the Lowest Unoccupied Molecular O rbital (LUMO) of the other. This 
requ ires  p lanarity  about the s - c i s  bond, with the dienophile being imagined to  
approach the diene v e rtica lly  from above or below, in which case the o rien ta tio n  
of the propenyl methyl group would not be expected to  influence the addition 
process.
Of g rea te r importance must be the task  of the diene in adopting the 
necessary s - c i s  configuration. The approach of the methyl group to  the 
aromatic ring in the c is -  isomer must be s te r ic a lly  le ss  favourable than 
adoption of the same s - c i s  geometry for the trans-  isomer in which the  methyl 
group pro jects away from the ring. The im plication is  therefo re  th a t the c is -  
isomer is  le ss  likely  to  adopt the favourable geom etrical configuration, and 
would be expected to  be correspondingly le ss  reactive .
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The p o ten tia l s te r ic  r e s tra in t  on the attainm ent of the required s - c i s  
geometry also  ra ise s  important issues with regard to  the re la tiv e  re a c tiv ity  of 
a lly l and propenyl functionalised  isomers. In the case of Diels-Alder addition 
between a propenyl functionalised  aromatic and a dienophile, i t  is  only the 
methyl group tha t causes the s te r ic  hindrance for the c is -  isomer. In the case 
of Diels-Alder reaction  as the second stag e  of the reaction between a lly l 
functionalised arom atics and a dienophile, the methyl group has been replaced 
with a bulky succinimide group. I t  would not be unreasonable to  assume tha t 
the bulk of th is  succinimide group would make th is  second stag e  most 
unfavourable for the c is -  succinimide interm ediate.
In the case of propenyl functionalised  aromatics synthesised for th is  work, 
the trans-  isomer was always found, (by ’H NMR spectra  in tegration), to 
outnumber the c is -  by a ra tio  of a t le a s t 4:1 for propane and 
hexafluoropropane bridged arom atics, with a maximum ra tio  of around 10:1 being 
observed for the sulphone bridged moieties. For the a lly l isomer the f i r s t  
s tage  of the addition was proposed to  involve a stereospecific  'ene' reaction, to 
yield the predominantly trans-  propenyl product. Such a process requ ires  the 
s tereo sp ecific  allignment of the a lly l and maleimide functions, which may be 
s te r ic a lly  le ss  favourable than the corresponding Diels-Alder process for the 
propenyl isomer, and thus provide a slower addition route. Once formed, the 
trans- propenyl product would be expected to  undergo rapid Diels-Alder addition 
by v irtu e  of the bulky succinimide residue constraining the interm ediate to  the 
favoured s  - c i s  configuration, thereby making the two processes v ir tu a lly  
ind istinguishable  by DSC experiment.
The f in a l consideration with regard to  propenyl func tiona lity  and 
re a c tiv ity  must be that of the variation  in c is /tra n s -  iso topic r a t io  in the 
variously bridged aromatic bis-cyanates. The reasons for such v aria tions in 
abundance are not clear, but could reasonably be expected to  be strongly  
influenced by the e lectron  donating or withdrawing c h a rac te ris tic s  of the 
bridging group respectively  diminishing or enhancing the p o ten tia l conjugation 
between the propenyl double bond and the aromatic ring. Whatever the cause, 
higher trans-  iso topic abundance would be expected to  yield a more reactive  
modifier, leading to  increased extent of reaction  (under iden tica l conditions). 
From the re s u lts  obtained here, i t  is  the sulphone bridged 6is-cyanate th a t
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appears to o ffe r the g re a te s t po ten tia l. Extension of the composite te s tin g  
program to investiga te  th is  proposal would be enlightening, but unfortunately  
fa lls  outside the realms of the current work, considering the necessary time 
re s tra in ts .
6.3 R eactivity  of P o ten tia l Resin Combinations
Before commencing the production of composite samples, the various 
component re s in s  were analysed by dynamic DSC in order to  determine the 
re a c tiv ity  p ro file  of the individual components, and simple blends thereof. 
Analysis conditions were again iden tical to  those previously described. The
various thermograms are shown in figures 6.3.a to  5.3.e, corresponding to  homo­
cured C-353, homo-cured B-30, co-cured C-353/B-30 (50:50 wt%), co-cured C-
353/DPBA0CN (50:50 wt%> and co-cured C-353/B-30/DPBAOCN (33:33:33 wt%)
respectively, a l l  uncatalysed. The pertinen t fea tu res  with regard to  th is  work 
are the various exothermic peak maxima, and the general shape of the 
thermograms. These are discussed here.
Both C-353 and B-30, when homo-cured in the absence of ca ta ly s ts , show a 
single, unimodal polymerisation exotherm. Onset tem peratures are approximately 
160 and 250°C, peak maxima 170 and 3150C for C-353 and B-30 respectively .
Uncatalysed B-30 is  somewhat more in e rt than the maleimide component, a fea tu re
of the cyclotrim erisation requiring carefu l c a ta ly s is  for adequate reaction . The 
shape of the C-353 polymerisation curve is  qu ite  sharp, corresponding to  the 
homo-polymerisation behaviour of i t s  major component, DDM-BMI. The B-30 curve 
is  somewhat more d iffuse , presumably by v irtu e  of i t  comprising of a blend of 
2 ,2 '- b is-  (4-cyanatophenyl}propane oligomers. I t  must be remembered th a t
ca ta ly s ts  are used to  promote the cure of cyanate e s te rs  and BMIs in commercial
applications, and th is  was the case for the cyanate re s in s  u ti l is e d  in the
composite study pi esented la te r  in '.his chapter, although BMI c a ta ly s ts  were not 
u tilised . For th is  re ac tiv ity  study however, i t  was not possib le to  cata lyse  
such small samples and obtain reasonable and accurate re su lts .
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On blending, the shape of the co-polymerisation exotherm shows a peak a t 
approximately 260*0, somewhat higher than the mid-point between those observed 
for the individual components. Individual homo-polymerisation peaks have 
en tire ly  disappeared, su rp ris ing  considering th a t C-353 and B-30 apparently 
display no feasib le  co-reaction. Instead, the general shape of the 
polymerisation exotherm is  somewhat skewed, with the onset observed a t only 
132 °C, although i t  must be s ta te d  tha t the in i t ia l  exotherm appears qu ite  
sluggish.
On blending with the propenyl functionalised M s-cyanate, C-353 shows fa r 
more complex behaviour. Two exotherms are observable, a sharp peak a t 170°C 
corresponding to  BMI homo-polymerisation, with a more d iffu se  exotherm a t 200- 
250 °C. This second exotherm appears to  consist of two shallow peaks on a broad 
exotherm a t approximately 220 and 260°C. These would be expected to 
correspond to the proposed co-polymerisation of the BMI with the propenyl 
function and cyanate homo-polymerisation.
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These two exotherms can be reasonably accounted for by considering the 
fina l te rnary  blend of BMI, cyanate and functionalised  cyanate. In th is  case, 
the BMI homo-polymerisation is  sh ifted  somewhat to  180 *C, with the lower of the 
second exotherms now v isib le  as a shoulder a t ju s t over 200 *C. The highest 
tem perature exotherra is  fa r more pronounced, a t approximately 265 °C. The fac t 
th a t th is  l a t te r  exotherm is  more pronounced than previously suggests  th a t i t  
corresponds to  cyanate homo- and co-polymerisation involving B-30 and DPBAOCN. 
The conclusion to be drawn from these thermograms is  th a t the proposed co­
reaction of C-353 with propenyl cyanates appears to  occur around 200-220°C, 
interm ediate between homo-polymerisation of the BMI and cyanate components.
6.4 Composite Testing
Detailed descrip tions of the various te s ts , the preparation of te s t  pieces 
and data reduction techniques are given in Chapter 5, the reasons fo r conducting 
such a composite te s tin g  program being to  investiga te  re la tio n sh ip s  between 
molecular s tru c tu re  and physical or mechanical properties of the polymers and 
th e ir  composites for the a lly l and propenyl functionalised compounds.
The te s tin g  programme can e ffec tiv e ly  be considered as two p a rts , examined 
concurrently. These two p a rts  involve comparison with re su lts  obtained te s tin g  
standard commercial resins, namely the BMI and cyanate homo-polymers, in order 
to  demonstrate the mechanical and thermal p roperties  of the novel system 
alongside current in d u s tr ia l standards and secondly, examination of the 
properties obtained by se lec tiv e ly  a lte rin g  blend compositions, in an e f fo r t  to  
optimise the blend composition to  achieve maximum thermal and toughness 
ch a rac te ris tic s  simultaneously.
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6.4.1 R elevance o f  Com posite T e s tin g
All the composite m ateria ls  te s ted  for th is  study were prepared in an
id en tica l manner, using in the case of commercial m aterials, the  same re s in
batch in order to  achieve maximum consistency. The preparation of standard 
comparative m ateria ls for such a te s tin g  regime was considered to  be of g rea t 
importance. The commercial BMI and cyanate systems described here are  well 
established, and therefo re  a degree of physical data is  already available. 
Regrettably, such data is  of l i t t l e  use for th is  study; no un iversal standards 
have been laid  down for a fu ll  range of physical te s t  methods, and i f  they were, 
inconsistencies in the preparation of samples would render such standards 
dubious. Because of th is , the te s ts  described have been kept to  a recognisable 
s ta n d a rd ^ 3 \
A number of fac to rs  influence the observable mechanical p roperties  of any 
composite system, based on the re s in  and fib re  types under examination. Carbon 
fib res d iffe r  widely in p roperties. The use of fib res  of d iffe ren t s tren g th  and 
modulus with an id en tica l resin  matrix re s u lts  in d iffe ren t u ltim ate mechanical 
properties*11 ‘3S\  Likewise the fib re  size, applied to a fib re  to  prevent fib re  
damage during handling, improve handlab ility  and provide enhanced re s in - f ib re
bonding has a profound e ffe c t on composite p roperties by v irtu e  of th is  l a t t e r  
property (which is  not read ily  understood). The use of d iffe ren t re s in  
combinations, and the e ffe c t on mechanical properties, is  of major in te re s t  in 
th is  work. As fa r as possible the conditions were kept constant throughout the 
preparative and te s t  regime, employing iden tica l fabrication  techniques, cure 
regime and f ib re /f ib re  size. A wealth of l i te ra tu re  data can be found
describing neat re s in  and composite p roperties  of research and commodity re s in  
systems, however data obtained by individual workers are not tru ly  comparable. 
I t  is  of g rea te r benefit to  iden tify  trends in performance and to  e s ta b lish  
c r i te r ia  for such trends based on a knowledge of the system under study ra th e r  
than attem pt to  ju s tify  absolute data obtained under spec ific  circum stances.
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6.4.2 S to ich io m e try  o f  R esin  B lends f o r  Com posite T e s tin g
Composite specimens were prepared by the solvent impregnation technique, 
described in Chapter 5, in a wide v arie ty  of stoichiom etries. These va ria tio n s  
in re s in  composition were sp ec ifica lly  designed in order to determine the e ffe c t 
of d iffe rin g  modifier concentration, and the e ffec t of the to ta l  BMI content, the 
goal being to  determine trends in blend composition required to  maximise 
mechanical performance w hilst re ta in ing  therm al s ta b ility .
Matrix blends were prepared in th ree  d is tin c t stages. I n i t ia l  t e s t  pieces 
were prepared e ith e r  as homo-polymers, or as very simple sto ich iom etric  blends. 
These in i t ia l  blends were proposed as standard 'baseline ' data for la te r  te s tin g  
in which the composition was system atically  a lte red  to  in v estig a te  the influence 
of individual components within the blend. At th is  stage  the influence of both 
the functionalised cyanate, and the BMI:cyanate ra tio  were also examined.
On completion of the f i r s t  stage  of simple stoichiom etric blend te s tin g , 
the e ffe c t of varia tion  of functionalised cyanate content was examined thus: 
the BMI (C-353) content was a rb itra r i ly  kept constant a t 50wt%, the  o ther 50wt%, 
consisting  of both functionalised (DPBAOCN) and unfunctionalised (B-30) cyanate, 
was a lte red  in s tep s  of 10wt% of each component. This meant th a t s ix  blend 
compositions were examined, namely:
C-353/B-30/DPBA0CN: 50/50/0
50/40/10
50/30/20
50/20/30
50/10/40
50/0/50
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The fin a l stage  of te s tin g  was proposed to  investiga te  the re la tionsh ip  
between the BMI content and the to ta l  cyanate content (both functionalised  and 
unfunctionalised). At th is  stage, a ra tio  of B-30/DPBA0CN = 40/10 was se t, and 
th is  ra tio  was u tilis e d  as the to ta l  cyanate composition as the ra tio  of BMI 
:cyanate content was varied, again in steps of 10wt%. Therefore the following 
compositions were investigated:
BMI/cyanate 80/20 = C-353/B-30/DPBA0CN
70/30 
60/40'
50/50
With regard to  the selected  compositions, i t  is  useful to  note two points 
a t th is  stage. In the fin a l te s tin g  regime, the ra tio  of B-30/DPBA0CN of 40/10 
was not a rb itra r i ly  chosen, but spec ifica lly  selec ted  as th is  ra tio  appeared to 
o ffe r a ttra c tiv e  improvements in frac tu re  toughness w hilst re ta in in g  an apparent 
Tg in the same region as th a t observed for C-353 composites. These p ro p ertie s  
were considered to  be most important and were used in the f in a l property 
assessment . The compositions investigated  a l l  contained a minimum of 50wt% 
BMI. This was deliberate ly  chosen to  ensure th a t the composition remained
within the param eters suggested in the o rig in a l proposal -  th a t the cyanate 
should act as a modifier for the BMI, and thereby co n stitu te  the minor
component, not vice versa. From a commercial standpoint, th is  also  ensures the 
composition remains cost e ffective, the BMI being the cheapest of the th ree  
components. Finally, i t  should be noted th a t the various te s t s  conducted for 
th is  work are by no means exhaustive, and therefore  the form ulations 
investigated  are not sp ec ifica lly  proposed for end use applications. Before any 
recommendation can be made in th is  respect, an exhaustive te s tin g  regime,
comprising a g rea te r range of te s ts  than was possible in th is  work,
investigating  performance in both hot and hot/w et environments would need to  be 
conducted. Such development work would also  requ ire  the extensive in v estig a tio n  
of possible formulations, beyond the simple compositions described herein. In 
summary, th is  te s t in g  programme is  intended to ou tline  the p o ten tia l such a 
novel system may have, and give some indication of the s tru c tu re -p ro p e rty  
re la tionsh ips from which fu tu re  development may need to  proceed.
80/16/4
70/24/6
60/32/8
50/40/10
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6.5 M o istu re  A bsorbance
A varie ty  of te s t  pieces, consisting  of short lengths of cured tow samples, 
described in Chapter 5, were subjected to  d iffe ren t treatm ent regimes in order 
to determine the equilibrium  water absorption c h a rac te ris tic s  of the various 
simple resin  combinations. The various samples were found to  reach equilibrium  
very quickly, despite  in i t i a l  weighings being conducted every 24 hours;
equilibrium  was apparently reached within the f i r s t  24 hours, with l i t t l e  
s ig n ifican t increase noticeable th e rea f te r , making calculated water absorption 
ra te s  unreliable. For th is  reason, only equilibrium  moisture absorbance is
recorded, although i t  is  worthwhile noting th a t o ther workers have observed th a t 
BMIs absorb water fa r more rapidly than epoxies, but th e ir  equilibrium  uptake is  
generally  less*32*0 . The re s u lts  of th is  study are  presented in Table 6.5.a.
These re s u lts  are in te re s tin g , with a number of conclusions being clear.
As expected, the BMI component showed the g re a te s t tendency fo r water
absorption, with blends containing g rea te r re la tiv e  q u an titie s  of C-353 showing 
consequently higher equilibrium  water content. Unfunctionalised cyanate (B-30), 
unsurprisingly shows the lowest water uptake, consisten tly  no g re a te r  than ha lf 
th a t observed for C-353. Functionalised cyanates show interm ediate water 
absorption properties when cured as homo-polymers, with the propenyl cyanate 
displaying s lig h tly  lower values. As with a l l  the re s u lts  obtained in th is  
composite te s tin g  regime, d irec t comparison with o ther workers re s u lts  is  unwise 
due to the em pirical nature  of the various te s t  methods, the use of d iffe ren t 
fabrication  techniques and the e ffe c t of d iffe ren t f ib res  and fib re  size, the 
comparison of observed trends being of g re a te r  significance. Despite th is , the 
re s u lts  observed above are in line  with those observed by Stenzenberger e i 
ajc224> for BMI/epoxy sized carbon fib re  lam inates, being comparably lower than 
typical re s u lts  for neat re s in  specimens.
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Equilibrium m oisture content (%)
Resin type 
(wt%)
Immersion 
room temp
70% RH 
room temp
75% RH 
70°C
C-353 2.51 0.70 0.62
B-30 0.99 0.34 0.31
C-353/B-30
(50:50)
DABAOCN
2.42
1.70
0.70
0.60
0.54
0.50
DPBAOCN 1.41 0.54 0.47
C-353/DPBAOCN 
(50:50)
C-353/B-30/DPBAOCN 
(33:33:33)
2.20
1.85
0.65
0.60
0.52
0.51
All re s u lts  for single tow samples, fib re  content 65 + /-  5%.
Table 6.5.a
Blending of these components provides more in te re s tin g  re su lts . The 
general ru le  appears to be th a t the higher the BMI content of a blend, the 
g rea te r the water uptake, th is  being tru e  for a l l  cases. I f  these values are  
compared with homo-polymer data though, i t  is  c lea r th a t each blend absorbs fa r  
more water than expected from a linear re la tionsh ip  with the to ta l  BMI content. 
This is  especially  tru e  for the 50:50 blend of C-353/B-30, e sse n tia lly  a BT-type 
resin , which tends to confirm previously observed poor m oisture re s is ta n c e  
ch arac te ris tic s* 311 \  Functionalised cyanate blends appear to  fa re  somewhat
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b e tte r, displaying improvements both over the BMI homo-polymer and the C-353/B- 
30 blend.
An explanation as to why these re s in s  and blends should show such water 
absorption behaviour is  not obvious. A possible explanation could be th a t in 
the case of C-353 /B-30 co-polvmers, the BMI phase e ffec tiv e ly  ' f i l l s ’ the 
in te rs tic e s  formed by the comparatively large poly-cyanurate rings, which may 
a ffe c t both the ra te  of d iffusion  of absorbed moisture, and the equilibrium  
m oisture content. In the case of functionalised  cyanate blends, i t  is  not 
unreasonable to  presume th a t the proposed co-reaction in te rfe re s  with th is  
phase d is trib u tio n , in tu rn  leading to  d iffe ren t m oisture uptake ch a rac te ris tic s .
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6.6 M echanical T e s tin g
A number of mechanical te s t s  were conducted on su itab le  composite samples. 
Such te s t  procedures are described in Chapter 5 and relevent appendices, along 
with the re levant procedure for data reduction, te s t  coupon dimensions and 
preparation. The re s u lts  of such te s ts , and the im plications thereof are 
presented below. Composite density and fib re  content are  also  recorded.
Results normalised to  60% fib re  volume are  also  presented for comparison. 
Such re su lts  are calculated by the following re la tionsh ip , i l lu s tra te d  for ILSS 
data:
fib re  content x ILSS = normalised ILSS 
60%
This normalised value is  usefu l as a basis for comparison of data from 
d ispara te  samples; however, as th is  work is  concerned more with discerning 
trends in behaviour ra th e r than absolute values, such precise data is  not of 
primary concern. As a l l  composite samples contained sim ilar res in  compositions, 
were fabricated  from sim ilarly  prepared prepreg, and cured under id en tica l cure 
cycles, the observed fib re  contents are qu ite  sim ilar. For th is  reason the 
general trend of a l l  re s u lts  are the same, both for d irec t and normalised data.
6.6.1 Interlaminar Shear Strength (ILSS)
Results obtained from ILSS te s tin g  are presented in Table 6.6.1.a below:
Sample ILSS(std.dev) spec ific  g rav ity / normalised ILSS
(MPa) fib re  content % (MPa)
C-353
(100)
B-30
(100)
C-353/B-30 
(50:50)
C-353/DABAOCN 
(50:50)
C-353/B-30/DABAOCN 
(33:33:33)
C-353/DPBAOCN 
(50:50)
C-353/B-30/DPBAOCN 
(33:33:33)
106.8 (5.0) 1.60/62.1
79.7 (4.5) 1.54/63.7
94.5 (5.1) 1.56/72,7
88.1 (5.2) 1.58/71.8
77.8 (5.0) 1.56/67.0
108.0 (4.5) 1.50/59.1
95.8 (4.6) 1.54/63.2
(110.5)
(84.6)
(114.5)
(105.4)
(86.9)
(106.4)
(100.9)
C-353/B-30/DPBAOCN:
50:50:0 94.5 (5.1) 1.56/72.7 (114.5)
50:40:10 99.7 (5.0) 1.55/66.0 (109.7)
50:30:20 104.4 (4.5) 1.57/70.7 (123.0)
50:20:30 104.5 (5.1) 1.58/72.1 (125.6)
50:10:40 106.0 (4.9) 1.51/62.3 (110 . 1)
50:0:50 108.0 (4.5) 1.50/59.1 (106.4)
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BMI : C yanates:
80:20 89.5 <4.5) 1.59/68.7 (102.5)
70:30 88.2 (5.3) 1.59/70.3 (103.4)
60:40 88.0 (5.3) 1.60/73.7 (108.1)
50:50 99.7 (5.0) 1.55/66.0 (109.7)
In te r laminar shear, as the term suggests is  concerned with the 
determ ination of the re s is tan ce  of a composite to  delamination as the component 
laminae are subject to  shear forces. Such delamination re s is tan ce  is  dominated 
by, and therefo re  a c ts  as a measure of the s tren g th  of the re s in /f ib re  bond. 
The s tren g th  of th is  in te rface  is  a complicated m atter. I f  the f ib re /re s in  bond
is  weak, the  m ateria l w ill not support loads under shear or compression; 
conversely, too strong a bond w ill lead to  a b r i t t le  m aterial*00 5. By v irtu e  of 
i t s  measure of th is  property, ILSS te s tin g  can be seen to  f u l f i l l  a dual role; i t  
ac ts  both as a ’quality  control' method ensuring the quality  and in te g r ity  of 
the sample, and also  provides a measure of the cured re s in  s tre n g th  and
performance in a sp ec ific  composite matrix. Determination of the re la tiv e  
f ib re /re s in  adhesive p roperties  is  important as such delamination rep re sen ts  the 
major rou te  for composite matrix fa ilu re* ’7'35.
Results obtained for the varia tion  in functionalised cyanate content are
displayed graphically  in figure  6.6.1.a. Values obtained for C-353 and B-30
.homo-polymer composites are included for reference. This p lo t in d ica tes  a 
general reduction in the ILSS as the content of the functionalised  cyanate is  
decreased, from 108.0 MPa <50% DPBAOCN) to  94.5 MPa (0% DPBAOCN). This 
observation is  explainable i f  one considers the ILSS value obtained fo r the B-30 
composite of 79.7 MPa. I t  appears c lear th a t as the re la tiv e  proportion of the 
unfunctionalised cyanate i s  increased, so the observed ILSS is  seen to  diminish. 
The inference of th is  observation is  th a t the unfunctionalised cyanate d isplays 
lower f ib re /re s in  adhesion than the BMI or functionalised cyanate components,
leading to eas ie r in te r  laminar fa ilu re  in unfunctionalised cyanate samples.
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Figure 6.6.1.a
If  the re s u lts  with respect to  the ra tio  of BMI:total cyanate content are 
considered, very l i t t l e  varia tion  a t a l l  is  observed, which is  somewhat 
su rp rising  as the re la tiv e  content of unfunctionalised cyanate increases through 
the series . The consistency of these re su lts  does however ind icate  th a t the 
composite samples are of good quality , suggesting an homogeneous s tru c tu re , of 
low void content with few im perfections or fib re  misalignments. All data  a t 
th is  point are though observed to  be lower than for samples containing no 
unfunctionalised cyanate, reinforcing  the observations and comments made e a r lie r  
with regard to  the f ib re /re s in  adhesive p roperties  between B-30 and 1% epoxy 
sized XAS fibre.
The observation of such reduced ILSS for unfunctionalised cyanate re s in  in 
th is  case indicates an increased degree of f ib re /re s in  incom patibility. I t  is  
qu ite  possible tha t such incom patibility  is  peculiar to the spec ific  combination 
of res in  and fibre, plus the fabrica tion  and cure processes u tilis e d  in th is  
work. The process of re s in /f ib re  in te rac tion  is  not fu lly  understood, although 
the in te r  fac ia l bond stren g th  can be improved by oxidative pretreatm ent of the
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f ib re cen 5 a llied  with the use of a res in  size. Even so, th is  observation is  
s t i l l  ra th e r surprising , i t  is  the epoxy s ize  th a t provides the necessary 'key' 
for adhesion of resin  to  fibre, and, as explained previously, cyanates display a 
simple co-reaction with e p o x ie s200 >, which would reasonably be expected to 
enhance f ib re /re s in  adhesion. This supports the supposition th a t i t  is  a 
spec ific  f ib re /re s in  incom patibility th a t re s u lts  in a lower observed ILSS for 
unfunctionalised cyanate samples.
Conversely, BMI Aomo-polymer composites, and those containing a high level 
of functionalised  cyanate display qu ite  reasonable ILSS, indicating the  composite 
samples to  be of good quality , and fib re /re s in  adhesion to  be good. The 
percentage loss  in ILSS as one proceeds from 50% DPBAOCN (108.0 MPa) to  50% B- 
30 (94.5 MPa), (C-353 se t a t 50%) is  reasonably low, amounting to  12.5% of the 
C-353/DPBA0CN (50:50) value, fu r th e r emphasising the general q u a lity  of the 
composites te s ted  and the com patibility of the various m atrix systems. In 
conclusion, the design data obtained from ILSS te s tin g  suggests  th a t the 
composite panels were of good quality , and th a t the propenyl functionalised  
cyanate blends display a ttra c t iv e  fib re /re s in  adhesive p roperties, very s im ilar 
to  those observed for C-353 /lomo-polymer composites on the epoxy sized XAS 
fib re  used in th is  study. Composites containing a higher proportion of 
unfunctionalised cyanate show a lower ILSS, a fac to r th a t may presumably be 
addressed a t the fabrication  stage  by investigating  the performance with regard 
to  d iffe ren t f ib re /s iz e  combinations, th is  being beyond the scope of the work a t 
the current stage.
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6.6.2 F le x u ra l  S tre n g th  and Modulus
The re s u lts  of flexu ra l te s tin g  are presented in Table 6.6.2.a below:
Sample fF (std.dev) Ef (std.dev) (fF normalised Ef)
(GPa) (GPa) (GPa) (GPa)
C-353
(100)
1.22 (0.12) 73.7 (4.0) (1.26 76.3)
B-30
(100)
0.98 (0.13) 68.2 (4.1) (1.04 72.4)
C-353/B-30 
(50:50)
1.97 (0.13) 81.9 (3.1) (2.39 99.2)
C-353/DABA0CN
(50:50)
1.20 (0.14) 73.6 (3.2) (1.44 88.1)
C-353/B-30/DABAOCN 
(33:33:33)
1.16 (0.13) 67.8 (3.2) (1.30 75.7)
C-353/DPBAOCN 
(50:50)
1.57 (0.11) 53.9 (2.5) (1.55 53.1)
C-353/B-30/DPBAOCN 
(33:33:33)
1.55 (0.07) 61.8 (3.3) (1.63 65.1)
C-353/B-30/DPBAOCN
50:50:0 1.97 (0.13) 81.9 (3.1) (2.39 99.2)
50:40:10 1.78 (0.08) 69.2 (2.7) (1.96 76.1)
50:30:20 1.34 (0.07) 39.7 (3.2) (1.58 46.8)
50:20:30 1.55 (0.09) 47.2 (2.9) (1.86 56.7)
50:10:40 1.63 (0.15) 53.9 (3.3) (1.69 56.0)
50:0:50 1.57 (0.11) 53.9 (2.5) (1.55 53.1)
BMI : Cyanates:
80:20 1.77 <0.11) 74.9 (3.3) <2.03 85.8)
70:30 1.70 <0.16) 79.6 <3.4) <1.99 93.2)
60:40 1.66  <0 . 1 1 ) 89.2 <3.2) <2.04 109.6)
50:50 1.78 <0.08) 69.2 <2.7) <1.96 76.1)
fF -  Flexural Strength 
Ef- -  Flexural Modulus
Flexural te s tin g  is  somewhat d iffe ren t to  the o ther te s t s  u til is e d  in th is  
work in th a t the design data obtained is  a re s u lt  of a combination of fa ilu re  
modes. Specimens are subject to a sim ilar flex u ra l loading as th a t in ILSS 
te s tin g , however, the use of sm aller support ro lle rs  and a longer span-to -dep th  
ra t io  induces fa ilu re  by flexural, ra th e r than in te r  laminar shear mode. Under 
such flexu ra l loading <figure 6.6.2.a) the upper and lower faces of the te s t  
specimen experience d iffe ren t loads, the upper face is  subject to  compressive, 
the lower face ten s ile  load. The re su lta n t mixed fa ilu re  mode is  not 
conveniently separated in to  i t s  individual components.
F igu re  6 .6 .2 .a
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Thus, the use of a longer gauge length between span supports ensures th a t 
fa ilu re  is  no longer determined by the s tren g th  of the f ib re /re s in  in te rface  but 
by the performance of both fib re  and re s in  under combined te n s ile  and 
compressive s tre ss . Tensile fa ilu re  is  a fib re  dominated e ffec t (fib res  exh ib it 
maximum streng th  under ten s ile  load), w hilst the compressive character is  a more 
re s in  dominated feature , thus flexu ra l te s tin g  combines each character, 
providing a non-independent measure of multi-mode fa ilu re . Valid fa ilu re  
inodes for flexu ra l te s tin g  are i l lu s tra te d  in figu re  5.5.4.a Chapter 5, fa ilu re  
by such modes being easily  discernable from in te r  laminar shear as the frac tu re  
su rfaces of the respective samples are q u ite  d iffe ren t. ILSS samples re ta in  
smooth faces, with l i t t l e  evidence of f rac tu re  v is ib le  to  the naked eye. 
F lexural fa ilu re  is  however qu ite  discernable, with large cracks propagating 
across the composite faces evidencing the d iffe ren t fa ilu re  mode. In more 
tang ib le  terms, a specimen th a t has experienced in terlam inar fa ilu re  re ta in s  i t s  
s tru c tu ra l  in teg rity , and an a lb e it reduced load bearing capacity. A specimen 
th a t has undergone flexura l fa ilu re  loses almost a l l  i t s  in te g rity  and thus i t s  
load bearing po ten tia l. From the viewpoint of designing composite s tru c tu re s  
th a t experience loading s tre sse s , i t  is  th e re fo re  very important to  d is tingu ish  
between these two fa ilu re  ch arac te ris tic s .
The re la tionsh ip  between functionalised  cyanate content and flex u ra l 
stren g th  (fF) and flex u ra l modulus (Ef ) is  shown in figure 6.6.2.b, again with 
values for C-353 and B-30 incorporated for reference purposes. In th is  case, 
both flexura l s tren g th  and modulus are observed to  show almost an equivalent 
increase as the functionalised cyanate content is  decreased, with a 
d iscontinu ity  in th is  trend observed fo r blends containing 30% and 20%
functionalised  cyanate. All the co-polymer blends, regard less o f composition,
show an improvement over values obtained for BMI and cyanate homo-polymer 
systems. The im plication is  th a t the lower the content of the functionalised  
cyanate, the g rea te r the improvement in flex u ra l s tren g th  and modulus, with a 
50:50 wt% blend of C-353 and B-30 o ffering  sig n ifican t flex u ra l s tren g th  
improvements over the component homo-polymer m atrices; fF-100% over B-30, 62%
over C-353, flexu ra l moduli improvements were s t i l l  a t tra c t iv e  but le ss
sig n ifican t than for flexura l strength .
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Figure 6.6.2.b
The s itu a tio n  for compositions of variable BMI:total cyanate ra tio  is  not 
so clear. The varia tion  in observed values for flex u ra l s treng th  is  neg lig ib le  
for a l l  composite samples, especially  i f  the normalised data is  considered, a 
very sim ilar s itu a tio n  to  th a t for ILSS te s tin g  where again, l i t t l e  v a ria tio n  
between samples was observed. An in te re s tin g  fea tu re  is  seen when one 
considers the re la tionsh ip  between flex u ra l s tren g th  and modulus for these 
samples. Previously, flexu ra l streng th  and modulus were observed to  increase 
concurrently, however, the reverse is  tru e  in th is  case (figure 6.6.2.c); f lex u ra l 
modulus was seen to  decrease with increasing flex u ra l streng th .
The explanation of th is  observation is  not easy. As C-353 is  blended with 
unfunctionalised cyanate, both flexu ra l s tren g th  and modulus are  seen to  
increase, w hilst blending with DPBAOCN increases flex u ra l streng th , but reduces 
the modulus, therefo re  the overa ll apparent rev e rsa l could be considered to  be a 
re s u lt  of the combination of these two observations. As the proportion of 
cyanate increases, so does the modulus, in a sim ilar manner to th a t observed
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with blending C-353 with B-30, but in co n trast to  th a t observed for blending C- 
353 with DPBAOCN. I t  seems plausible th a t as the major cyanate component, i t  is
the behaviour of B-30 th a t a ffo rds g re a te r  influence to  the blend. As for
flex u ra l streng th , ■ a l l  the blends show the typ ica l improvement observed 
previously as C-353 is  blended with e ith e r or both the cyanate components. As
for the observation th a t flexura l s tren g th  appears to drop with increased
cyanate content, th is  can be reasonably argued not to  be s ign ifican t; the 
varia tion  in data from each of the four samples is  well within the realms of 
reasonable experim ental error.
Ef (GPa) fp(GPa)
1 .7 8  t
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- 7 01 .7 4
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Figure 6.6.2.C
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In conclusion, blending of C-353 with combinations of propenyl
functionalised  and unfunctionalised cyanate o ffe rs  p o ten tia l fo r rea l 
improvements in flex u ra l s treng th  and modulus. Due to  the apparent complexity 
in the re la tionsh ip  between blend composition and flex u ra l p roperties, care 
would have to  be exercised in order th a t a su itab le  combination of high 
stren g th  and su ffic ie n tly  high modulus to  ensure appropriate s t if fn e s s  is
achieved. In th is  respect, the use of re la tiv e ly  low proportions of the
functionalised  cyanate appears to  enhance the flex u ra l s tren g th  over th a t of C-
353, but re ta in s  the high modulus, and thus lower s tr a in - to - f a i lu re  p roperties. 
An appropriate balance of modulus, ensuring a ttra c t iv e  s tra in  d issipation  
character, with high mechanical streng th , would lead to  a system with maximum 
impact tolerance ch arac te ris tic s .
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6.6.3 Com pressive S tre n g th
Data derived from compressive te s tin g  are presented in Table 6.6.3.a below:
Sample Ft_c (std.dev) 
(GPa)
F,_c (normalised) 
(GPa)
C-353
(100 )
B-30
(100 )
C-353/B-30
(50:50)
C-353/DABA0CN 
(50:50)
C-353/B-30/DABA0CN 
(33:33:33)
C-353/DPBAOCN 
(50:50)
C-353/B-30/DPBAOCN 
(33:33:33)
1.50 (0.05)
1.11 (0.07)
1.10 (0.04)
1.56 (0.05)
1.33 (0.04)
0.98 (0.06)
1.29 (0.04)
(1.55)
(1.18)
(1.33)
(1.87)
(1.49)
(0.97)
(1.36)
C-353/B-30/DPBAOCN 
50:50:0 1.10 (0.04) (1.33)
50:40:10 1.15 (0.03) (1.27)
50:30:20 0.87 (0.05) (1.03)
50:20:30 0.88 (0.03) (1.06)
50:10:40 1.08 (0.03) ( 1 . 1 2 )
50:0:50 0.98 (0.06) (0.97)
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BMI : C yanates:
80:20 1.19 (0.04) (1.36)
70:30 1.21 (0.03) (1.42)
60:40 1.24 (0.02) (1.52)
50:50 1.15 (0.03) (1.27)
Fuc -  Compressive Strength
Table 6.6.3.a
Compressive streng th  determ ination can be considered to  involve the 
separation  of the two modes of flexu ra l te stin g , and the subsequent accurate 
determ ination of the compressive mode of flex u ra l te s tin g  w ithout the influence 
of any s ig n ifican t ten s ile  fa ilu re  mode. Because of th is , da ta  obtained from 
compressive te s tin g  would be expected to  show the same general trends as those 
observed l or I lexural testing , but by measuring so lely  a resin  dominated fa ilu re  
mode. I t  must be remembered however-, as flexu ra l fa ilu re  is  a 'mixed mode' 
fa ilu re , precise correla tion  between individual datum is  not p lausible.
In practice, obtaining pure compressive data is  extremely d if f ic u lt , 
requiring precise machining, end-tabbing, r e s tra in t  and loading of the composite 
sample. Any inaccuracy in any one of these aspects w ill serve to  introduce 
non-compressive s tre sse s , and a departure from the desired sing le  mode fa ilu re .
The major fa ilu re  mode of composites under compressive load is  due to  
buckling of the fib res  in a small region of the te s t  specimen, which leads to 
localised  kinking of, and eventual frac tu re  of the fibre, i l lu s tra te d  and 
described in g rea te r d e ta il in Chapter 5. The dominant fea tu re s  in such fa ilu re  
are the ab ility  of the re s in  to  r e s is t  compressive shear forces and the 
res is tan ce  of the re s in /f ib re  in te rface  to  the same shear-type force, thus the 
s treng th  of the f ib re /re s in  bond is  also of major importance. Actual fib re  
s treng th  is  of l i t t l e  consequence as fib res  have no s tren g th  or in te g rity
whatsoever under compressive load. The re s in /f ib re  combination is  the same 
throughout the te s t  regime, thus the data generated would be expected to  
re f le c t those obtained from flex u ra l data, with small varia tions due to  
experimental e rro rs  a ris in g  from the problems of iso la tin g  pure compressive 
mode l ailui e.
The re la tionsh ip  between functionalised  cyanate content and compressive 
s treng th  is  shown in figu re  6.6.3.a. By comparing th is  plot with th a t obtained
for flexu ra l s treng th  a near iden tica l re la tionsh ip  is  observed. The only 
d iscontinuity  is  observed with a 50% B-30 composite showing an apparently 
diminished compressive streng th . This apparent anomaly can be explained i f  one 
considers the in terlam inar shear p roperties  of the same sample. In th is  case i t  
was observed th a t unfunctionalised cyanate matrices, and blends with a high 
unfunctionalised cyanate content display poorer interlam inar shear s treng th . As 
f ib re /re s in  adhesion plays a major ro le  in compressive s tren g th  i t  is  not 
a ltoge ther su rp ris ing  th a t a 50% B-30 composite matrix shows such a
discontinuity . This premise is  supported by the observation th a t flex u ra l 
s treng th  increases qu ite  rapidly with a reduction in functionalised  cyanate in 
the matrix. The same is  not tru e  for compressive strength , with a le sse r  
improvement being observed as unfunctionalised cyanate content is  increased. 
These observations serve to  i l lu s tr a te  the increased dependence of compressive 
s tren g th  on f ib re /re s in  adhesion over th a t for flex u ra l strength .
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Considering the data derived from samples of varying BMI:total cyanate
content under compressive load, very l i t t l e  s ig n ifican t varia tion  is  again
observed between samples. The in te re s tin g  fea tu re  of the data is  obtained when
i t  is  compared with the re su lts  for flexu ra l modulus described previously.
Observations on the flex u ra l p roperties  of such blends suggest an apparent
d iscontinuity  as the re la tionsh ip  between flex u ra l s treng th  and modulus
reverses. I f  the compressive s tren g th  and flex u ra l modulus data as a function 
of BMLCyanates ra tio  are  compared however (figure 6.6.3.b), th is  apparent
anomaly becomes c learer, the flex u ra l modulus and compressive s tren g th
following near id en tica l trends.
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The implication is  therefo re  th a t flex u ra l modulus, a d irec t measure of sample 
s tif fn e s s , is  a res in  dominated fea tu re  in th is  case, as i t  follows the same 
trend as the res in  and f ib re /re s in  in te rface  dominated compressive streng th . 
Conversely, the inference is  tha t the flex u ra l streng th , which shows a deviation 
from th is  trend is  more profoundly influenced by the fib re  dominated te n s ile  
p roperties of flexu ra l loading.
Due to  th is  s im ila rity  between flex u ra l and compressive p roperties, very 
much the same conclusions can be drawn with regard to  flex u ra l p roperties. 
Blending of C-353 with functionalised and unfunctionalised cyanates o ffe rs  the 
p o ten tia l for noticeable improvements in compressive s treng th , the most 
s ign ifican t improvements being offered by blends with low (c.10%) DPBAOCN 
content. In addition, comparison of compressive and flexu ra l data suggests th a t 
i t  is  the la t te r ,  compressive mode th a t is  the major fac to r in determ ining the 
overall flexura l s tren g th  and modulus. This in tu rn  exem plifies the a ttra c t iv e  
res in  and f ib re /re s in  adhesive p roperties  of DPBAOCN modified systems.
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6.6.4 F ra c tu re  T oughness (Gt_)
Data derived from mode I frac tu re  toughness te s tin g  are  presented in Table
6.6.4.a below:
Sample Glc (std.dev) spec ific  g rav ity / (normalised Glc>
(Jm- 2 ) fib re  content % (Jnr2 )
C-353 
(100)
B-30 
(100)
C-353/B-30 
(50:50)
C-353/DABAOCN 
(50:50)
C-353/B-30/DABAOCN 300.4 (15.1)
(33:33:33)
C-353/DPBAOCN 330.4 (11.0)
(50:50)
C-353/B-30/DPBAOCN 437.9 (8.1)
(33:33:33)
161.8 (11.8) 1.56/65.4
230.5 (16.9) 1.61/74.4
393.5 (3.7) 1.58/73.1
429.9 (16.2) 1.57/73.5
1.56/72.6
1.61/82.7
1.60/73.2
(176.4)
(285,8)
(479.4)
(526.6)
(363.5)
(455.4)
(534.2)
C-353/B-30/DPBAOCN
50:50:0 393.5 (8.7) 1.58/73.1 (479.4)
50:40:10 293.2 (12.0) 1.58/71.7 (350.4)
50:30:20 197.3 (9.6) 1.56/69.2 (227.6)
50:20:30 232.5 (8.4) 1.61/72.7 (281.7)
50:10:40 226.4 (10.1) 1.53/66.0 (249.0)
50:0:50 330.4 (11.0) 1.61/82.7 (455.4)
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BMI : Cyanates:
80:20 201.9 (10.1) 1.59/72.0 (242.3)
70:30 231.1 (9.9) 1.58/75.8 (292.0)
60:40 382.5 (9.0) 1.57/78.0 (497.3)
60:40 281.4 (8.0) 1.55/77.6 (363.9)
Postcured 6hrs G 220'C
60:40 265.3 (7.4) 1.63/76.5 (338.3)
Postcured Ihr @ 250®C
50:50 293.2 (12.0) 1.58/73.1 (479.4)
Table 6.6.4.a
Of a l l  the composite mechanical te s t s  conducted for th is  work, i t  was the 
re s u lts  of the mode I  (Glc ) frac tu re  toughness analyses th a t offered the most 
important data. I t  was prim arily in order to  improve the poor frac tu re  
toughness of bis-maleimide systems th a t th is  work was conducted, thus i t  was 
the data derived from these te s t s  th a t determined the composition of the 
various blends examined in the la te r  s tag es  of the investigation , namely the 
re la tionsh ip  between BMI:t.otal cyanate content. The re s u lts  of th is  te s t  
schedule a lso  provided the evidence by which the v iab ility  of functionalised  
cyanate composite m atrices could be judged.
Fracture of a unid irectional, fib re  reinforced laminate in mode I, Double 
Cantilever Beam (DCB) te s tin g  occurs by a very sim ilar rou te  to  th a t observed in 
Interlam inar Shear te stin g , thus, such a te s t  i s  concerned with the in terlam inar 
adhesive p roperties of a sample, a fea tu re  influenced g rea tly  by the s tren g th  of 
the fib re /re s in  bond. The s im ila rity  between the two te s t s  is  i l lu s tra te d  by 
the existence of a sim ilar te s t ,  End Notched FlexurecrA s>' 1 eso, in which a 
sim ilar, pre-cracked specimen is  subject to  flex u ra l loading in order to  induce 
mode II delamination, and thus a measure of the mode II, GXXc:, frac tu re  
toughness of a composite specimen. This d ifference in delamination mode is  one 
major d ifference between ILSS and DCB, the second, and most important is  th a t
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DCB te s tin g  provides a measure of the s tra in  energy re lease  ra te , not s ta t ic  
flexu ra l s tra in . This dynamic property is  an e ffec tiv e  measure of the 
res istan ce  of a m aterial to  crack propagation; the 'toughness' of a m aterial.
A number of fac to rs  influence the mode I frac tu re  of un id irec tional fib re  
reinforced composites. As a crack propagates in such a m aterial, th ree  fac to rs  
provide the major re s is tan ce  to  crack propagation.. These are the previously 
mentioned f ib re /re s in  adhesive forces, the toughness of the re s in  i t s e l f  
(through which the crack would propagate i f  f ib re /re s in  adhesion is  very high), 
and the e ffe c t of misaligned fib res  forming a tied  zone behind the crack fron t 
(figure 6.6.4.a).
Figure 6.5.4.a
The formation of such a tied  zone can increase the frac tu re  energy as 
these fib res have to be broken in order for the crack to  advancec30 \  No re a l 
allowance could be made in th is  study to  account for the influence of 
misaligned fib res, which was not considered problematic. Such tied  zones are a 
general design fea tu re  of unid irectional carbon fib re  reinforced composites, 
thus any e ffe c t they may have on the u ltim ate mechanical p roperties  of a 
composite system should not be discounted.
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If  the re s u lts  for simple sto ichiom etric  blends are considered f i r s t ,  the 
b en efits  of blending BMIs and cyanates becomes immediately apparent, figu re
6.6.4.b:
G |C( Jrrf2 ]
1  2  3  4  5  6  7
1, C-353 2. B-30 3. C-353/B-30 (50:50) 4-. C-353/DABAOCN (50:50)
5. C-353/B-30/DABAOCN (33:33:33) 6. C-353/DPBAOCN (50:50)
7. C-353/B-30 /DPBAOCN (33:33:33)
Figure 6.6.4.b
Both C-353 and B-30 m atrices alone show poorer frac tu re  toughness, the lowest 
value, 162 Jm~s , fo r C-353 being typ ica l of a b r i t t l e  BMI composite matrix. B- 
30 m atrices show a 40%+ improvement over those for C-353, but th is  could not 
be described as a p a rticu la rly  a ttra c t iv e  improvement in frac tu re  toughness.
On blending, the improvements in frac tu re  toughness are  qu ite  dramatic. 
Perhaps the most important fea tu re  is  the toughness of a simple C-353/B-30 
matrix blend, o ffering  a near 150% improvement, without introducing any co­
re  active component. The im plication of th is  is  th a t phase disruption of the two 
highly cross-linked networks provides a major rou te  to  toughness improvement. 
I f  one imagines a tig h tly  cross-linked BMI network, addition of unfunctionalised 
cyanate would be expected to  have a d ilu tin g  e ffec t, and thus a mutual
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reduction in c ro ss-lin k  density. I t  can therefo re  be envisaged th a t i t  is  a 
change in m atrix morphology th a t provides the key to  improved frac tu re  
toughness in th is  case.
The addition of functionalised  cyanates capable of co-reaction with the 
BMI leads to fu rth e r in te re stin g  re s u lts  with regard to  frac tu re  toughness. 
Addition of DABAOCN, the a lly l functionalised  cyanate to  C-353 provides a very 
sim ilar improvement in frac tu re  toughness to  th a t observed by addition of the 
same re la tiv e  quan tity  of unfunctionalised cyanate. DPBAOCN, propenyl 
functionalised cyanate, o ffe rs  a le ss  impressive, but s t i l l  a t tra c t iv e  
improvement. On addition of the th ird , unfunctionalised cyanate component these 
observed improvements undergo a reversal. The th ree  component, propenyl 
functionalised  matrix now displays maximum toughness, a 170% improvement over 
C-353, w hilst the th ree  component, a lly l functionalised matrix loses i t s  
previously a ttra c t iv e  p roperties to  yield only moderate (85%) improvements.
These re s u lts  provide some fu rth e r evidence for the general improvements 
possible with functionalised  cyanate modifiers. I f  the a lly l system is  
considered f i r s t ,  a 50% blend with C-353 shows l i t t l e  d ifference in toughness 
from th a t achieved with unfunctionalised cyanate and C-353. This suggests th a t 
the a lly l functionalised  cyanate displays a t best, a moderate degree of co­
reaction  with the BMI, leading to sim ilar p roperties  to  those observed with the 
unfunctionalised cyanate. As the unfunctionalised cyanate is  added to  form the 
ternary  m atrix a dramatic drop in toughness is  observed. This drop could well 
be due to  the presence of excess cyanate in the ternary  blend, coupled with a 
low extent of co-reaction re su ltin g  in the observation of toughness p ro p ertie s  
more akin to  those of a cyanate matrix, which were not observed to  be a 
dramatic improvement over the C-353 matrix.
Considering the propenyl systems, the 50% blend with C-353 o ffe rs  a 100% 
improvement, lower than th a t observed with e ith e r a lly l or unfunctionalised 
cyanate. This may be explainable by the apparent enhanced re a c tiv ity  of 
propenyl groups towards maleimide. This co-reaction may occur to  the ex ten t 
th a t c ro ss-link  density is  not g rea tly  reduced, nor is  the morphology of the 
system affec ted  to  the same extent as th a t observed with a lly l  and 
unfunctionalised cyanates, thus some improvement is  observed, but the system
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s t i l l  re ta in s  a reasonable degree of b rittlen e ss . Addition of the th ird , 
unfunctionalised cyanate component provides a major improvement in observed 
frac tu re  toughness to  170%, as with DABAOCN alone. This can be argued to  be a 
re su lt  of a reduction in c ro ss-link  density  as the unfunctionalised cyanate 
o ffe rs  the same improvements in m atrix morphology observed with the C-353 /B-30 
system.
Overall, these r e s u lts  appear to support the observation from re a c tiv ity  
s tu d ies  th a t propenyl cyanates are p o ten tia lly  more reactive  toward maleimide 
than a lly l cyanates. Allyl modified blends appear to  o ffe r sim ilar toughness 
p roperties to  simple BMI/cyanate IPNs, suggesting a low extent of co-reaction. 
Propenyl cyanates meanwhile o ffe r diminished toughness in simple binary 
mixtures with BMIs, possibly due to  enhanced re a c tiv ity  of the propenyl group 
re su ltin g  in a lower degree of phase disruption. Once the ternary  systems are 
considered, i t  becomes c lear th a t a considerable degree of carefu l blending and 
formulation is  required  to obtain maximum frac tu re  p roperties. Both 
functionalised cyanates appear to  o ffe r the p o ten tia l for improvements in 
frac tu re  toughness, the d ifference in re a c tiv ity  requ iring  a corresponding 
difference in the required blend compositions for maximum properties. DPBAOCN 
appears to o ffe r  a ttra c t iv e  improvements in frac tu re  p roperties  a t lower levels 
than those required for DABAOCN,
These improvements in frac tu re  toughness are beneficial, but alone they 
provide in su ffic ien t evidence to  suggest th a t functionalised  cyanate systems 
o ffe r a viable improvement over BMI m atrices. In order to  provide such a viable
a lte rn a tiv e  i t  is  e sse n tia l tha t such co-polymer systems re ta in  the high g la ss
tra n s itio n  tem perature, and thus high sevice use tem peratures o ffered  by BMIs.
This aspect of composite p roperties is  covered in Section 6.7.
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6.6.4.1 B lending o f  T ernary  System s fo r  Maximum F ra c tu re  Toughness
As suggested above, a reasonable degree of carefu l formulation appears to  
be necessary in order to obtain maximum mechanical p roperties  from the propenyl 
functionalised  ter-polymer system. The f i r s t  s tep  involved an investigation  of 
the re la tionsh ip  between the re la tiv e  proportions of the two cyanate components, 
with the BMI content held constant. The re s u lts  of th is  stage  of the study are 
shown graphically  in figure 6.6.4.1.a:
G,c(Jm2]
3 5 0  t
2 5 0 - _  B-30
203-
_  C-353
100 -
50-
5 04 020 3 0100
DPBAOCN content %
Figure 6.6.4.1.a
The varia tion  of cyanate ra tio  appears to  diminish the observed toughness of 
the composite m atrices, offering  no apparent improvement. The trend  appears 
however to  suggest th a t lower q u an titie s  of functionalised  cyanate, a B- 
30:DPBAOCN ra tio  of 4:1 or lower, o ffe rs  the best p o ten tia l fo r toughness 
improvement. The precise  data obtained a t th is  stage  was le ss  important than 
the observation of the general trend, which appeared to  agree with previous 
comments with regard to  propenyl functionalised cyanate re ac tiv ity , and i t s  
observed e ffe c t on m atrix toughening. With th is  observation in mind, fu r th e r 
blending and analyses were conducted, based on th is  4:1 to ta l  cyanate ra tio , 
with the in ten tion  of deducing the re la tionsh ip  between BMI and cyanate content.
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The re la tionsh ip  between BMI and cyanate content, using the 4:1 cyanate 
ra tio  is  i l lu s tra te d  in figure  6.6.4.l.b. In th is  case the re la tionsh ip  is  more 
complex. An apparent maximum is  observed a t 60% BMI content, with the frac tu re  
toughness achieved with th is  blend being comparable with th a t observed with the 
simple sto ichiom etric  blends of Section 6.6.4.
400 T
350 -
300 -
250
200 -
ISO
100
SO­
TO80 60 50
BMI content %
Figure 6.6.4.l.b
With a simple sto ich iom etric  blend (33:33:33) o ffering  the h ighest frac tu re  
toughness, i t  appears th a t maximum properties  are not availab le from a BMI rich  
matrix. This is  somewhat d issapointing as i t  suggests th a t in order to  obtain 
maximum frac tu re  properties, blends containing high proportions of the  more 
expensive cyanate components should be u tilised . This is  not though the fu ll  
s tory , frac tu re  toughness as with most polymer p roperties  is  a tra d e -o ff  of 
features; a high Tg must also  be retained, and th is  would not be generally  
considered possible with cyanate rich systems. Thus, the 'id ea l' m atrix must 
display a ttra c tiv e  frac tu re  toughness, but with a high Tg. This does not mean 
th a t th is  'id ea l' m atrix also  displays the maximum p roperties  with respect to  
these two fea tures, instead  a balance of p roperties  is  more likely  to  o ffe r  the 
best matrix system. In th is  respect, the prospect of good frac tu re  toughness a t 
low modifier levels is  p o ten tia lly  very promising.
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6.7 Dynamic M echanical A na ly sis
The observed Tgs obtained by DMTA analysis of 10 ply laminates, 50mm x 
10mm x approx. 2mm thick are presented in Table 6.7.a below, along with the
postcure cycle required to  achieve th is  Tg. For th is  study, the Tg was 
em pirically defined as the tem perature of the maximum value of the bending loss
modulus a t a heating ra te  of 10*C/rain. In the case of blended m atrices, two
Tgs were occasionally observable. In these s itu a tio n s  i t  was q u ite  c lea r which 
peak constitu ted  the major Tg from the re la tiv e  lo ss modulus (E") peaks , and 
th is  value is  quoted. The im plications of these secondary peaks are though
discussed and ra tiona lised .
Observed Tg as a function of Post Cure Cycle 
Sample Tg Obs Post Cure
*C
C-353 323 lh r @ 220°C
( 1 0 0 )
B-30 203 lh r  @ 220*C
( 100 )
C-353/B-30 100 lh r  @ 220°C
(50:50) 219 6hr @ 220°C
C-353 /DABAOCN 220 lh r  @ 220 eC
(50:50) 256 Ghr 0 220 °C
C-353/B-30/DABAOCN 206 lh r <S 220 °C
(33:33:33) 225 6hr @ 220*C
C-353/DPBAOCN 157 lh r  <2 220*C
(50:50) 233 6hr @ 220°C
C-353/B—30/DPBA0CN 125 lh r  Q 220 'C
(33:33:33) 224 6hr (2 220°C
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C-353/B-30/DPBAOCN: 
50:50:0 219 6hr 0 220°C
50:40:10 317 6hr (2 220°C
50:30:20 197 6hr (2 220°C
50:20:30 212 6hr (2 220 *C
50:10:40 219 6hr (2 220*C
50:0:50 233 6hr (2 220 °C
BMI : Cyanates: 
80:20 375 6hr <2 220 °C
70:30 363 6hr (2 220 °C
60:40 336 lh r (2 220*C
60:40 390 6hr (2 220°C
60:40 586 6hr (2 220*C + lh r 0 250*C
50:50 317 6hr (2 220“C
Table 6.7.a
The re su lts  of these DMTA analyses are encouraging, ind icating  the 
po ten tia lly  a ttra c t iv e  Tg obtainable from the te r -polymer m atrices examined. As 
previously, i t  is  convenient to  consider the re s u lts  for each stage  of the  blend 
analysis separately , and these are  discussed below.
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As expected, C-353 and B-30 m atrices show d isparate  Tg values, the BMI 
o ffe rs  a Tg value of 300+CC, the cyanate some 100 °C lower. Unsurprisingly, the 
C-353 /B-30 IPN m atrix Tg is  interm ediate, tending towards the lower B-30 Tg 
ra th e r than the BMI value. C-353/DABA0CN (50:50) m atrices display a somewhat 
higher Tg, especially  when subject to  a 6 hour, 220 °C postcure, suggesting th a t 
co-reaction p o ten tia lly  increases the cro ss-link  density, and thus the Tg. 
F racture toughness a lso  appears to  increase s lig h tly , an e ffe c t not normally 
associated  with an increase in cro ss-link  density. Addition of the th ird  
component, the unfunctionalised B-30, apparently leads to  a decrease in Tg, with 
a 6 hour postcure o ffering  l i t t l e  improvement. I f  the p lo ts  of loss and sto rage  
modulus versus tem perature are examined in each case however, (figure  6.7.a) i t  
becomes apparent th a t the panels are in su ffic ien tly  cured, with examination of 
minor loss modulus peaks a t higher tem peratures suggesting an u ltim ate Tg 
around 370°C. Although a higher Tg appeared possible under an extended 
postcure regime, i t  was decided not to  in v estig a te  th is  fu rther. By re s tr ic t in g  
the postcure regime i t  was possible to  in v estig a te  the e ffec t of post cure to  
determine which systems offered maximum p o ten tia l Tg without the need for an 
extended, and commercially expensive, postcure. The e ffec t of d iffe ren t postcure 
cycles on a selected  propenyl modified matrix is  discussed fu rth e r in Section 
6 .8 .
I t  is  worth noting a t th is  point th a t the observed Tg values from DMTA 
experiments can present problems in in te rp re ta tio n . Generally, a cure cycle a t 
220 °C can only produce an ultim ate Tg of approx. 240 °C, due to  d iffu sio n  
control in the g lassy  s ta te . I t  is  however possible, as in th is  case, to  obtain 
an apparently higher Tg during a tem perature controlled DMTA experiment due to  
continued cure above the in i t ia l  Tg, which is  a k inetic  e ffec t. Thus, the curing 
process is  dependent on both tem perature and time. The overa ll e ffe c t 
throughout th is  study would however be expected to  be the same fo r each 
sample, therefo re  observed trends would be expected to  remain unaffected, 
absolute Tgs from DMTA experiments ind icate the maximum a tta in ab le  Tg under 
the defined heating schedule.
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A sim ilar case appears to  ex is t for the propenyl functionalised  systems, 
with sim ilar Tgs being observed for sim ilar post cure schedules, as those 
observed for the a lly l modified systems. Again, addition of the unfunctionalised 
cyanate in th is  case had l i t t l e  influence on Tg, with the apparent Tg seeming 
re la tiv e ly  poor, a misleading e ffec t due to  in su ffic ien t post cure. As with the 
a lly l m atrices, the maximum p o ten tia l Tg also  seems to  be nearer 350-370*0.
The re s u lts  obtained from the blended m atrices o ffe r c learer re su lts . The 
e ffe c t of propenyl functionalised  cyanate content on Tg is  i l lu s tra te d  in figure 
6.7.b:
Tg [°c )
39 0  T
30 0  -
2SD -
200 -
100 -
5 0 -
5 04 020 3 0100
DPBAOCN content %
Figure 6,7.b
In th is  case, i t  is  clear th a t a minimal propenyl functionalised  cyanate content 
of 10% o ffe rs  a clear advantage in terms of Tg. Again, th is  e ffec t w ill be due 
in p a rt to  post cure e ffec ts , but in the case of the 10% DPBAOCN modified system, 
the panel appears to  be s a tis fa c to r ily  cured a f te r  6 hours a t 220 *C, without 
the need for an extended, high tem perature postcure, figure 6.7.c. This
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re la tiv e ly  short postcure requirement would be an a ttra c t iv e  fea tu re  for 
p o ten tia l commercialisation of such a system.
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A convenient means of determining which of the various blends o ffe rs  the 
most a ttra c tiv e  balance of high Tg with enhanced frac tu re  toughness is  by
p lo ttin g  frac tu re  toughness against Tg for the various blends, the c lo ser any 
composite m atrix to  the top rig h t corner, the more promising the system. I f
th is  approach is  applied to  the blends studied for the varia tion  in BMI:Total
cyanate ra tio , figu re  6.7.d, the advantages of a m atrix containing approximately 
10% propenyl functionalised cyanate, in a BMI:Cyanates ra tio  of 60:40 become
clear. This p a rticu la r blend composition appears to  combine the p o te n tia l of an 
a ttra c t iv e  Tg with equally promising frac tu re  toughness.
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Figure 6.7.d
Considering the influence of variab le BMLTotal cyanate ra t io  as before, i t  
would be expected th a t increasing the BMI content would generally  lead to  an 
increase in Tg. Surprisingly  though, a 60:40 BMI:cyanate blend appears to  o ffe r  
maximum Tg. This apparent d iscontinuity  is  not however the only fac to r of 
in te re s t , i f  the various DMTA plo ts are considered i t  is  apparent th a t the 
higher cyanate content leads to in increase in the postcure requirem ents. This 
60:40 blend appears to  show two Tgs a fea tu re  not apparent on the o ther p lo ts, 
due e ith e r to  in su ffic ien t cure of the composite, or the existence of d isc re te  
phases within the network, a p lausible e ffec t of the low functionalised cyanate 
content suggesting a low degree of network g rafting , figure  6.7.e.
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6.7.1 Influence o f  Post-Cure on Fracture and Thermal Performance
The re s u lts  discussed above indicate a requirement for extended postcure 
for m atrices containing a higher 030%) cyanate content. This would reasonably 
be expected to  improve the observed Tg, but the disadvantage may be a lo ss  of 
frac tu re  toughness as a more highly cross-linked m atrix re su lts .
The e ffe c t of post cure can be il lu s tra te d  by considering the DMTA p lo ts  in 
figu re  6.7.1.a, which for a 60:40 BMI:cyanate blend indicate a steady improvement 
in Tg as the postcure schedule is  increased. Although the apparent u ltim ate  Tg 
of samples postcured for 6 hours a t 220°C is  much the same as th a t obtained 
from an id en tica l sample post cured for a fu rth e r hour a t 250 °C, i f  the shapes 
of the two p lo ts  are considered, the drop in sto rage modulus, E', a t  205 "C 
observed for the former is  completely absent in the la t te r ,  indicating a g re a te r  
ex tent of cure a f te r  the 250°C cycle, figure 6.7.1.a.
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Thus i t  appears th a t the inclusion of a final, 1 hour, 250 °C postcure cycle
re s u lts  in the p o ten tia l achievement of a maximum Tg of 386 °C. This Tg is  very 
sim ilar to  th a t achievable by u tilis in g  a g rea te r percentage of C-353 w ithin the 
blend, thus i t  appears th a t quite  large varia tions in BMI content of the 
BMItcyanate compositions examined in the f in a l stage of th is  work do not 
necessarily  re su lt in diminished thermal character, so long as the  postcure
regime is  adjusted to  permit fu ll  cure of the matrix.
The e ffec t of th is  post cure on frac tu re  toughness p roperties  is  somewhat 
d iffe ren t. The data obtained for DCB te s tin g  of these 60:40 blends has
previously been tabu lated  in Section 5.6.1. I f  th is  data is  considered alongside 
the observed Tg obtained from the d iffe ren t postcure schedules i t  can be seen 
th a t increasing the post cure schedule leads to  the achievement of high Tg, but 
with a sac rif ic e  in terras of frac tu re  toughness. I t  appears th a t increased 
postcure leads to  su ffic ie n t increase in c ro ss-link  density, f ib re /re s in  
adhesion, and thermal s tre sse s , tha t the matrix becomes noticeably more b r i t t le .
Such an observation is  unfortunate, but not unexpected, and so suggests 
th a t carefu l examination of the postcure conditions are required, such th a t 
thermal s tre s s e s  are not introduced th a t may lead to  poorer toughness 
ch a rac te ris tic s . At the same time though, i t  is  im perative th a t the m atrix be 
su ffic ie n tly  cured th a t other mechanical p roperties are maximised, especially
hot/w et mechanical p roperties  which often provide the lim iting  fac to r in 
composite performance. In the case of an in su ffic ien tly  cured matrix, unreacted 
monomer provides a simple degradation route, especially  under the influence of 
m oisture and high tem peratures. The reaction  of unconverted cyanate groups 
with water, leading u ltim ately  to  CO^  evolution and b lis te rin g  of the m atrix is  
a p a rticu la rly  apt example of th is  problem. The high Tgs apparent in th is  work 
appear to  o ffe r scope for formulation to  improve the matrix frac tu re  toughness, 
but with the re ten tion  of a Tg su itab le  for s tru c tu ra l applications.
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6.8 In flu e n c e  o f  R esin M orphology
The e ffe c ts  described above were possibly due to  d ifferences in phase 
morphology. In order to  te s t  th is  assumption, the various frac tu re  surfaces 
obtained from Glc te s tin g  were coated with gold/palladium and examined on a 
Hitachi S-450 Scanning Electron Microscope a t an accelerating  voltage of 20keV.
Typical scanning e lectron  micrographs (SEMs) are shown in figu re  6.8.a, 
being C-353:B-30 (50:50) and C-353:B-30:DBPA0CN (33:33:33) respectively . SEM
analysis was not capable of d istinguish ing  any varia tion  in morphology between 
the various frac tu re  surfaces, a fac to r due to  the in sen s itiv ity  of the 
available method. Although not demonstrated here, i t  would seem plausib le  th a t 
the varia tions in composite physical p roperties  are strongly  influenced by 
p o ten tia l varia tions in morphology. Despite th is  in ab ility  to  d istingu ish  
morphological variations, SEM analysis demonstrated in each case th a t 
f ib re /re s in  adhesion appeared good. As fa ilu re  of the f ib re /re s in  in te rface  
rep resen ts  the principal rou te  for composite fa ilu re , such good adhesion 
suggests an adequate degree of com patibility between the various re s in  blends 
and the epoxy sized XAS fib re  u tilise d  in th is  work.
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6.9 C onclusions
Thermal analysis of aromatic compounds containing a lly l or propenyl 
fu n c tio n a litie s  ind icates d iffe rin g  re a c tiv ity  of these  two c lasses towards 
maleimide containing compounds. Careful analysis of the re s u lts  ind ica tes th a t 
i t  is  the propenyl isomer, and in p a rticu la r the trans-  isomer th a t d isplays 
maximum reactiv ity ; which is  in agreement with the mode of reaction  proposed in 
th is  work. The enhanced re a c tiv ity  of th is  trans-  isomer in part accounts fo r 
the overall enhanced re a c tiv ity  of the propenyl isomeric pair, as the ra tio  of 
tra n s/c is -  isomers ranges from 4:1 to 10:1 for the compounds studied  in th is  
th esis , (by in teg ra tion  of NMR spectra). This enhanced re a c tiv ity  is  
confirmed by thermal analysis of propenyl and a lly l functionalised  cyanates, the 
compounds of in te re s t in th is  work, in co-reaction with BMI and unfunctionalised 
cyanate. Again, i t  is  the propenyl isomer th a t displays the g re a te r  re a c tiv ity  
towards maleimide, a re su lt th a t has an e ffe c t on the mechanical and therm al 
p roperties of carbon fib re  reinforced composites fabricated  u til is in g  these 
modifier systems.
Considering the re su lts  of composite matrix analysis, the two most 
important fac to rs were considered to  be the re ten tio n  of a high Tg -  a fea tu re  
of the BMI component, but with enhanced frac tu re  toughness. The conclusions 
drawn a t individual stages of the composite analysis program are presented in 
the relevant sections within th is  chapter, w hilst a sho rt summary of the 
findings is  given here.
Composites fabricated  from C-353 and from B-30 both display low frac tu re  
toughness. Simple blending of these two components gives a su b s ta n tia lly  
tougher matrix, an e ffec t proposed to  be due to  morphological changes 
disrupting  the previously high c ro ss-link  density, but a d ra s tic  lo ss  in therm al 
performance would be expected as the Tg of the IPN blend is  l i t t l e  b e tte r  than 
th a t of the B-30 matrix. SEM analysis of frac tu re  su rfaces derived from a 
number of samples fa iled  to  confirm the proposal th a t morphological changes 
cause the increase in frac tu re  toughness, a re su lt due to  the re la tiv e  
in sen s itiv ity  of the method. This SEM study did however show th a t f ib re /re s in  
adhesion appears to be good in a l l  cases, with fa ilu re  under DCB analysis
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occuring along or close to the f ib re /re s in  in terface, po ten tia lly  the weakest 
point of the matrix.
Addition of a th ird  component, e ith e r  of the functionalised cyanate 
este rs ,led  to  improvements in the frac tu re  toughness, but the ex tent to  which 
the functionalised cyanates must be added to achieve sa tis fac to ry  re s u lts  were 
found to  be d iffe ren t. The a lly l  functionalised  cyanate gave a dramatic
increase in frac tu re  toughness when blended in high quan tities, the propenyl 
functionalised moiety however gave an equal improvement but a t a fa r lower 
level of addition, re inforcing  the previous observations with regard to  the 
re la tiv e  re a c tiv ity  of a lly l and propenyl fu n c tio n a litie s  towards maleimide.
Careful blending of the propenyl functionalised cyanate with B-30 and C- 
353, and analysis of the mechanical p roperties  of the re su ltan t m atrices led to  
the conclusion th a t compositions containing a ra tio  of the cyanate components in 
the region 4:1 (unfunctionalised: functionalised) gave the maximum frac tu re  
toughness w hilst a lso  achieving a high Tg. I t  was fu rth er found th a t the BMI 
content needed to be ) 60% of the to ta l  blend in order to achieve maximum Tg. 
The disadvantages uncovered a t th is  stage  of the blending analyses were, th a t 
an increase in BMI content above 60% led to  a reduction in the frac tu re  
toughness of the composite, w hilst keeping the BMI content around th is  60% mark 
required fu rth e r post cure in order for the composite to achieve maximum Tg, 
which i t s e l f  led to  a loss of toughness. These fin a l observations a re  not 
surprising , the achievement of e ith e r  maximum frac tu re  toughness or Tg without 
incuring any penalty would be extremely unlikely, thus care would need to  be 
exercised in the f in a l formulation and cure cycle in order th a t the sp ec ific  end 
use requirements with regard to  toughness and thermal s ta b il i ty  are met. The 
high Tgs po ten tia lly  obtainable with these systems appear to  allow good 
la titu d e  with regard to  such formulations.
In summary, propenyl functionalised cyanates appear to  o ffe r s ig n ific an t 
advantages in terms of improving the frac tu re  toughness of BMI based composites 
w hilst re ta in ing  the a ttra c tiv e ly  high Tg of the BMI component in a th ree  
component blend with commercial, unfunctionalised cyanates. These improvements 
appear possible with the use of minimum q u an titie s  of the more expensive 
functionalised cyanate, with the cheapest component, the BMI, being the major
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constituen t. In order to  achieve fu ll  p o ten tia l though these systems appear to  
requ ire  carefu l formulation and postcure, such th a t desirab le  p roperties  are 
enhanced without detrim ent to  other important fea tu res  of the system. Thus 
propenyl functionalised cyanate e s te r  blends deserve consideration as a 
(re la tive ly ) low cost rou te to  high performance. S ta rting  m ateria ls  are 
inexpensive and the functionalised cyanate, as with a l l  cyanates would be 
expected to  be e ssen tia lly  non-toxic. P rocessab ility  is  excellent, the cyanate 
being a mobile liquid a t 50 *C and is  soluble in common low -boiling so lvents 
(dichloromethane, acetone), and p o ten tia l sh e lf l i f e  would be expected to  be 
sim ilar to  th a t of current commercial cyanates.
The commercial p o ten tia l of these systems is  such th a t they are now 
covered by a UK PCT Patent Application, no. 9111940 (filed  4/6/91), assigned to  
the University of Surrey.
6.10 Suggestions for Further Study
The analysis of composite samples prepared for th is  th e s is  appears to  have 
confirmed observations made throughout the course of th is  work, and ind ica tes 
the p o ten tia l offered by the co-polymer system investigated . With regard to  
fu rth er analysis on th is  front, a degree of te s tin g  composite samples a t 
elevated temperature, and of samples a f te r  ageing under hot/w et conditions 
would be most important before any fin a l conclusions can be drawn with regard 
to  the absolute property enhancement availab le from th is  system. Such a study 
would be envisaged to  include the e ffe c t of d iffe ren t fib re  types and fib re  
size, optim isation ol cure schedules and important te s t s  omitted a t the current 
stage  of development, such as the po ten tia lly  usefu l Residual 
CompressiveStrength a f te r  Impact (CAI) and Fatigue t e s t s '43'30'25350. Such a 
te s t  programme would be e sse n tia l before any degree of commercialisation is  
possible, and fa lls  in to  the realm of the m ateria ls  sc ie n tis t . The re s u lts  of 
any extended composite study would be of considerable in te re s t, in order th a t 
the v iab ility  of such a re la tiv e ly  sm all scale  te s tin g  regime on lim ited 
m ateria l as used in th is  work may be assessed  and compared with a more 
de tailed  study u tilis in g  larger q u an titie s  of m aterials.
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The d irec tion  of fu rth e r work with regard to  composite analysis is  
e ffec tiv e ly  predetermined by the requirem ents of any p o ten tia l 
commercialisation. With regard to  the 'chemistry* though, far more freedom is  
possible, and a number of questions deserve fu rth e r investigation .
S ta rting  from fundamentals, unequivocal elucidation of the 
propenyl/maleimide reaction  mechanism remains to be achieved. I f  the proposed 
reaction  mechanism is  indeed correct, th is  provides a reason for the enhanced 
re a c tiv ity  of propenyl functionalised  arom atics over a lly l functionalised  
aromatics. Such an elucidation may be achievable by so lution NMR techniques, 
with continuous spectra  accumulation leading to  the iden tifica tio n  of reaction  
interm ediates. In addition, the cyclo trim erisation  mechanism leading to  
cyanurate formation is  yet to be proved, though th is  is  of le ss  fundamental 
importance to  an understanding of the sp ec ific  propenyl/maleimide co-reaction 
process.
Other aspects worthy of consideration are an investigation  of the e ffe c t 
of 2,6-dipropenyl su b stitu ted  cyanate e s te rs . Doubling the number of 
p o ten tia lly  reactive  propenyl groups on a term inal aromatic cyanate group would 
most probably lead to a varia tion  in both neat resin  and composite p roperties, 
thus a blend of d i-  and tetra-propenyl functionalised  bis-cyanates may well 
provide g rea te r processing la titu d e , and an improvement in therm al and 
mechanical performance. Likewise, changing the reac tiv e  o lefin ic  group from 
propenyl to vinyl would elim inate any e ffe c t due to  the le ss  reactive  c is -  
isomer, po ten tia lly  leading to  s t i l l  fu r th e r enhanced reac tiv ity . Whilst 
a ttra c t iv e  on the one hand, d if f ic u ltie s  in achieving the necessary incorporation 
of vinyl groups in to  the aromatic ring  may well render such an approach 
im practical or expensive.
Of the various compounds synthesised fo r th is  work, the sulphone bridged 
bis-cyanate appears to  be of considerable in te re s t , by v irtu e  of an apparently 
high trans- propenyl content, being approximately lOx th a t of the c is -  isomer 
from NMR studies. This would also  be expected to  lead to  increased re a c tiv ity , 
which, along with the influence of the polar sulphone bridging group, o ffe rs  the 
p o ten tia l of in te re stin g  property v a ria tio n s  in the cured matrix. One 
disadvantage such an approach may display though, could in re a lity  be diminished
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re a c tiv ity  of the propenyl group due to  the e lec tron  withdrawing e ffe c t of the 
sulphone bridge.
A fin a l point of in te re s t, worthy of study would be an investigation  o'f 
the influence of bridging group on res in  and composite p roperties. Apart from 
the obvious approach of simply a lte rin g  the bridging group, another in te re s tin g  
approach would involve a varia tion  of the chain length between cyanate groups, 
the use of such longer chain functionalised  adducts o ffe rs  the p o ssib ility  of 
producing modified polymers with d iffe ren t morphologies which may influence 
c r i t ic a l  physico-mechanical p roperties such as frac tu re  behaviour under impact. 
The synthesis of propenyl cyanate functionalised poly-ethersulphone m ateria ls  is  
already under examination a t the University of Surrey<;G4?. An a lte rn a tiv e  
approach would be to s ta r t  with short chains, even single aromatic rings, and 
increase the chain length, u tilis in g  a su itab le  bridging group such as sulphone, 
carbonyl or ether, sim ultaneously noting the performance c h a rac te ris tic s  of the 
system formed, thus determining some re la tio n sh ip  between observed p roperties  
and chain length. As the chain length increases, so the p o ss ib ility  of 
incorporating propenyl groups onto backbone aromatic rings as opposed to  
term inal rings also becomes feasible . Without the possible s te r ic  hindrance 
due to  cyanate groups in the monomer, and cyanurate rings in the polymerised 
system, the propenyl group may well be capable of more complete reaction, which 
may lead to  beneficia l e ffe c ts  on the therm al and mechanical p roperties  of the 
composite matrix.
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Appendix A
Theory of DSC Analysis*670
The enthalpy change, AH, of the sample is  equal to  the heat flow 
difference to or from the sample, QBamp, and th a t of the reference, Qrc>f, ie:
AH Qsssari-ip Qvts'f 
Considering the therm al analog of Ohms law, where
Q -  T-, -  T,
F-fcl~(Oi' rn
the heat flow, Q, is  proportional to  the tem perature difference, T2 -  T-,, and 
inversly proportional to the thermal resistance , R-u-,,*™,. I f  these re la tio n sh ip s  
are combined:
AH — Qaseiinp — Qresf 
~ T.- ~ T , , . . ~  X- Tr.i-'f.
P  - t t - i i s  r-rfi
where Tc; is  some constant tem perature ex ternal to th a t of the sample and 
reference tem peratures. In the above re la tionsh ip  the two values of Tc and of 
sre  equal, hence the re la tionsh ip  becomes:
AH = T_,r„r  -  T„
u t h e r n
The measured signal is  the voltage from the thermocouple, which is  
proportional to  the tem perature d ifference , Taamp -  Tre..f .
AH is  determined d irec tly  by in teg ra tion  of the area under a DSC curve:
A = -k'mAH
where a = area
k' = the instrum ent constant (independent of tem perature)
-2 4 3 -
m = mass
H = enthalpy of reac tio n /tran s itio n
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Appendix B
Experimental D etails fo r C rystal S tructu re  Determination
Cell determ ination and data collection on a c ry s ta l of approximate 
dimensions, 0.025 x 0.38 x 0.1mm, were conducted on an Enraf Nonius CAD4 four- 
c irc le  d iffractom eter using graphite-monochromated MoK« rad ia tion  (X = 
0.71069A). A se t of 25 re fle c tio n s  were collected over the angular range 9-12° 
to  determine the unit cell. For the data collection an <5 -  28 scan over the 
range 8 $ 25* was used (maximum scan speed ca. 3.3°min~1, a maximum of 90 
s for weak re flec tio n s) covering the index range 0 ( h $ 12, -12 ( k $ 12, -12  ^
1 ( 12. The to ta l  time for the data collection was 60 hours. One re fle c tio n  
(101) was monitored every hour of exposed X-ray time and showed no system atic 
variation. Mechanical s ta b i l i ty  of the c ry s ta l on the d iffractom eter was 
checked by measuring four o rien ta tion  control re fle c tio n s  every hour.
A to ta l  of 2957 re flec tio n s  were collected and a f te r  the removal of 
symmetry-related re flec tions, th is  was reduced to 2749 of which 1432 (52%) had 
I 3o(I). The crystallographic  data are given below:
Molecular formula 
Mr
C rystal system
Space group
a
b
c
a
P
Y
V 
Z 
Da
F (0 0 0 )  
p (MoKq, )
Ca.sH22Na.O2
358.44
T riclin ic
PI
9.858(4) 
9.893(6) 
10.578(10) 
87.50(0.06)' 
84.81 (0.06)’ 
73.51 (0.05)' 
985 A3 (2) 
2
1.211 gcnr"s 
380
0.73 cm” 1
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S tructure  determ ination was achieved by the d irec t methods program 
MULTAN0  and the calculated E map revealed a l l  27 atoms. Iso trop ic
refinement of the s tru c tu re  converged a t R = 0.129 with hydrogen atoms a t 
calculated positions <dH = l.OA). The highest peak in a Fourier d ifference map 
was 0.3A"3. A subsequent 5 cycles of an iso tropic fu l l  matrix le a s t squares 
re su lted  in convergence of the R fac to r a t R = 0.078, Rw = 0.095 incorporating a 
weighting scheme devised by Killean and Law rence°33 w-1 = CctCF)]3 + CPFl3 + Q
with P = 0.04 and Q = 4.0. All calcu lations were carried  out using the 
S tructu re  Determination Package (SDP) Plus VI. l a <:eso on a DEC PDP 11/73 
computer.
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Appendix C
Theory o f  Modulus Determination by Dynamic Mechanical Methods
The technique involves subjecting the sample to  a sinusoidally  variab le 
s t r e s s  of angular frequency, os, where m = 2nv, and the frequency is  v. For a 
v isco e lastic  m aterial the re su ltan t s tra in  w ill also be sinusoidal, but w ill lag 
behind, ie  be out of phase with, the applied s tre ss , where 5 is  the phase angle 
(lag) between s tr e s s  and s tra in . Thus the following re la tionsh ips hold:
e = e0.sinmt 
cr = cr0.sin (6)t + 5)
where e = s tra in  
cr = s tre s s  
e0 = peak s tra in  
cr0  = peak s tre s s
and 5 are defined previously.
Expanding the s t r e s s  term gives the following relationship;
cr = cr0.sinGyt.cos5 + cr0.cos!at.sin5
Thus the s tre s s  is  observed to  consist of two components, the f i r s t  of 
magnitude cr0.cos5 in phase with the _ s tra in , and the second of magnitude 
cr0.sin5 90* out of phase with the s tra in . I f  we now define the q u a n titie s  E' 
and E" as follows,
E* = (cr0/e0).cos5 
and E" = (0-o/eo ).sinS
we arrive  a t a s t r e s s - s t r a in  re la tionsh ip  defined by E* being in phase, and E" 
being out of phase with the s tra in , ie.
a = e0.E\sinmt + e0.EM.coso>t
The overall complex modulus can now be represented in a v ec to ria l form as 
in figure  Cl below:
I
Figure Cl
where E*: = E' + iE" and tan5 = E'VE'
If  we now depict the s tre s s , a, and s tra in , e, as follows:
a = a0,exp.i(63t + 5) 
e = e0.exp.imt
where i = - I 1*.
Remembering th a t the Youngs Modulus E*:, is  defined as s t r e s s /s t r a in  in the 
lin ea r region, these two values reduce thus:
a /e  = E* = (a0/e0 ),exp.i5 
= E* + iE"
The complex modulus E*, can now be seen to  be composed of two frequency 
dependent components. E* is  termed the sto rage modulus, and is  the re a l  p a rt of 
the complex modulus, in phase with the s tra in , w hilst E" is  termed the  loss 
modulus, and is  defined as the ra tio  of the component 30° out of phase with the 
s t r e s s  to  the s tre s s  i ts e lf .  Thus, E* is  a measure of stored  energy, w hilst E",
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which is  sometimes re fe rred  to as the imaginary part, is  in tru th  a rea l 
quan tity  measuring the amount of energy d issipated  by the m aterial. Generally 
E" is  small in comparison with E\ E* therefo re  approximates to  E', and is  
sometimes simply refered  to  as the 'modulus', E. Generally dynamic mechanical 
behaviour is  defined in terms of th is  modulus E, and the phase angle 5, or tanS. 
As tan5 = E'VE', 5 approximates to tan5 when E" is  small.
In th is  work, the in te re s t lay not in absolute values of the dynamic
mechanical modulus, but in comparative values between the various samples 
investigated . Of primary importance was the g lass  tran s itio n  tem perature,
which is  definable in a number of manners from dynamic mechanical neasurments.
These include the onset temperature of the f a l l  in modulus (E'> or the
in flec tio n  tem perature of the modulus drop, or using damping measurments, as 
the tem perature a t the maximum in the damping peak or a t the onset of damping, 
a l l  of which in re a lity  simply define d iffe ren t points in the g la ss  tra n s itio n  
re laxation  as opposed to a specific  tra n s itio n  tem perature. For th is  work the 
Tg was defined as the maximum in the damping peak, E" versus tem perature, which 
is  most readily  discernable.
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Appendix D
Concepts o f Fracture Mechanics
The study of frac tu re  mechanics is  concerned with the influence of defects 
and cracks on the s treng th  of a m aterial, with the object of predicting  the 
onset of crack growth for a body containing a crack of known size. In order to  
calcu la te  the c r i t ic a l  load (that necessary for crack growth and propagation), i t  
has been assumed th a t the size  of the p la s tic  zone a t the crack tip  is  small 
when compared to the crack length. Linear e la s tic  frac tu re  mechanics has been 
found useful**7''2'*23 for certa in  crack types in composite laminates, p a rticu la rly  
in-plane cracks in unid irectional composites'12''1®3.
The in ten s ity  of e la s tic  s t r e s s  around a crack tip  or the G riffith  energy 
crite rion*37-3 d ic ta te s  the equilibrium  s ta te  of an ex isting  crack, these s ta te  
th a t crack growth may occur i f  the surface energy supplied by the system is  
ju s t su ffic ien t to  extend the ex isting  crack*3* 3. Solutions of the e la s tic  
s t r e s s  fie ld  show th a t s tre s s  s in g u la ritie s  associated  with in plane cracks are  
re la ted  to r, the d istance from the crack t ip  by r~'A. Three s tre s s  in ten s ity  
factors, Kj, Kxx and Km  can be defined because of the s t r e s s  s ingu larity , for 
symmetric, skew-symmetric and antiplane shear loading. These are i l lu s tra te d  in 
figu re  Dl.
y
X
z
M ode II 
Skew  Symmetric 
S h ear Loading
M ode I
Symmetric Loading
M ode III 
Anti-plane 
S h ea r Loading
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In the case of interlam inar frac tu re  problems however, account must also 
be taken of the p o ss ib ility  of o sc illa to ry  s tre s s  and displacement f ie ld s  due to  
d iffe ren t an iso tropic e la s tic  p roperties above and below the crack*2*03. 
Generally, i t  is  not possible to  define the s tre s s  in ten s ity  fac to rs  Kx, Kn  and 
Kir i  for cracks between d issim ilar an iso tropic composite layers as for cracks in 
a homogeneous m aterial.
Hence, for a varie ty  of reasons interlam inar f r a c tu re ' has been 
characterised  by s tra in  energy re lease  ra te  G. This quantity  has i t s  basis in 
energy considerations and is  well defined mathematically as well as being 
experim entally measurable. The energy approach finds i t s  basis  in a 
thermodynamic c rite rio n  for frac tu re  by considering the energy availab le  for 
delamination growth of the system, and the surface energy required to  extend an 
ex istin g  crack. This treatm ent is  based on the o rig inal work by Griffith*®-73.
A p o ten tia l H for a cracked body may be defined thus:
H = W -  U
where W is  the work due to  the movement of the ex ternal forces, and U is  the 
e la s tic  s tra in  energy sto red  in the body. By le ttin g  Gc be the work required  to 
create  a crack of unit area, a c rite rio n  for crack growth can be defined:
oH  ^ GC5A
where 5A is  the increase in crack area.
This s itu a tio n  becomes c r i t ic a l  a t the point where the to ta l  of the 
supplied energy ju s t equals the energy required, thus:
5H = GC5A
Once the energy supplied exceeds th is  required crack tip  energy the equilibrium  
becomes unstable:
5H > Gc 5A
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G, the s tra in  energy re lease  ra te  is  defined thus:
G = bH 
bh
Hence, in terms of G the c rite rio n  for frac tu re  can now be defined as:
G * Gc
The concept outlined- above can now be i l lu s tra te d  for the case of a linear 
e la s tic  body with a to ta l  crack length of a and (a + 5a) respectively . This is  
i l lu s tra te d  in figure  D2, with the load P, being p lo tted  versus displacement u, 
in the cracked body, with crack growth occuring e ith e r  a t constant load (fixed 
load) or at constant displacement (fixed grip).
p - a p a  + a&
Load P
u + 5u
D isplacem ent U
Figure D2
For fixed load:
5U = P5u 
2
oW = P5u
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Using the re la tionsh ip , H = W -  U, gives:
5H = P5u -  P6u/2 = P5u/2
and also,
G = P 5u 
2 5A
In the case of fixed grip, the work term becomes zero and hence:
5U =u5P 
2
Because s tif fn e s s  is  lo s t followed by crack extension 5P is  negative, hence G is:
G = -  u bP 
2 bA
In the case of a lin ea r e la s tic  body load and displacement are re la ted
thus:
u = CP
where C is  the compliance of the sample. S ubstitu tion  for G in the  case of 
fixed load now gives:
G = Pf. bC 
2 bA
and in the case of fixed grip:
G = u f_  bC = PfL bC 
2C2 bA 2 bA
Thus the s tra in  energy re lease  ra te , G, reduces to  an id en tica l expression, 
whether derived from fixed grip  or fixed load. Experimentally th is  is  most
usefu l and can be used in the derivation of G for a varie ty  of frac tu re
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specimens. I t s  use with respect to  the double can tilever beam CDCB) specimen is  
discussed subsequently.
I t  is  worthwhile noting th a t as in the case of the s t r e s s  in ten sity
fac to rs  Ki, Kn and Km, G may also  be separated in to  th ree  components as
il lu s tra te d  in figure Dl.
G  =  G i  +  G X I  +  G x r i
This mode separation is  based on the work of Irw in0 1 -13, which s ta te s  tha t
i f  a crack is  extended by an amount Aa, then the energy absorbed in the process 
is  equal to the work required to  close the crack back to  i t s  o rig in a l length. 
For the mode I component G is  defined thus:
Gx = limAai_>0 i _  Jcjy (Aa -  r)v(r,iu)dr 
Aa °
where r is  the rad ia l d istance from the crack tip , ov is  the normal s tre s s  near 
the crack tip  and v is  the re la tiv e  opening displacement between crack points. 
GIX and Gllx may be defined in a sim ilar manner. This re la tionsh ip  is  important 
and is  used in relevent sec tions in the experimental calculation of the frac tu re  
s tra in  re lease  energy.
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Appendix E
Features of Double C antilever Beam Testing
The s tra ig h t edged DCB te s t  sample developed by Wilkins e t a l is  
il lu s tra te d  below:
T"
P
Figure El
E lastic  Beam Theory gives a defin ition  of the compliance C, of a DCB 
specimen as:
C= 2a3 
3EI
where a is  the crack length and El is  the flexura l r ig id ity  of each of the two 
beams of the specimen.
Using the defin ition  of s tra in  energy re lease  ra te  G, derived previously 
gives the following relationship :
0 X =PfL dC 
2w da
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where w is  the specimen width and P the applied load. S u b stitu tin g  fo r C in 
the above equation gives:
Or. =
wEI ..........................©
and a t the c r i t ic a l  condition:
Gx« =
wEI
Crack Growth S ta b ility
For GXl= to  be a constant, i t  is  conditional fo r s tab le  crack growth th a t 
dG/da is  le ss  than or equal to  zero, ie  dG/da $ 0.
In the case of analysis under fixed load conditions dGx/da is  obtained 
d irec tly  from equation © above:
dGr = 2Pa a 
da wEI
which w ill always give a value > 0, and thus unstable crack growth.
The case for fixed grip , (displacement control) conditions is  however 
d iffe ren t. Using the re la tio n sh ip  P = 5/C, (from Beam Theory fo r a lin ea r e la s tic  
body above), and su b s titu tin g  in to  equation ® gives on d iffe ren tia tio n :
-45a a 
Ca wEI
where 5 is  the g rip  displacement i l lu s tra te d  in figu re  Ei. This w ill always 
give a negative vwlue and thus th eo re tic a lly  s tab le  crack growth. The p ra c tic a l 
significance of th is  is  i t  d ic ta te s  th a t te s tin g  under displacement con tro l 
gives s tab le  crack growth, hence a l l  DCB te s tin g  within th is  study was conducted 
under displacement control.
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and thereby GI(= becomes:
G i c  =  nPS 
2wa
1 / 3
intercept = A
log C
slope = n
log a
Figure E2 Figure E3
These th ree  methods a l l  gave d iffe re n t values fo r Glc , but the trend of 
the data was id en tica l in a l l  cases. The re s u lts  quoted in th is  work a re  those 
obtained by Corrected Beam Theory (method 2> a t peak load, which was considered 
to  be the most rep re sen ta tiv e  of the  data e lucidation  methods employed0  ' '5>.
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Data Reduction fo r DCB Testing 
Corrected Beam Theory
The simple beam theory expression for the compliance of a p e rfec tly  b u i l t -  
in  DCB specimen has been defined above, and may be represented  as:
G - = 3PS 
2wa
where: P = load
6 = displacement 
w = Specimen width 
a = crack length
From which an in i t ia l  value fo r the frac tu re  s tra in  re lease  energy (Glc ) can be 
determined.
In p rac tise  though, the above expression w ill tend to  underestim ate the 
compliance as the beam is  not p e rfec tly  b u ilt- in , ie  the arms of the individual 
beams tend to  bend very s lig h tly , re su ltin g  in an incorrec t crack length. I f  the  
beam is  considered to  contain a s lig h tly  longer crack, of length (a + Aa), A can 
be determined experim entally by p lo ttin g  the cube roo t of compliance, C1 /'3, as a 
function of crack length a, fig u re  E2. Glc is  then given by:
GIC = 3P5
2w(a+A>
Experimental Compliance (Berrys Method >c 2515
The th ird  method was to  p lo t compliance C, versus crack length  a, on a 
logarithm ic plot, figu re  E3. The slope of such a plot, n, was used to  determ ine 
the  compliance thus:
C = Ka"
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Appendix F
Features o f Compressive S trength  Testing
In order th a t the tru e  compressive s tren g th  be determined w ithout the 
influence o f ex te rn a l fac to rs  re su ltin g  in an abnormal value, a number of 
c r i te r ia  must be considered:
Undue s t r e s s  concentrations should be avoided as these may cau£e 
premature fa ilu re  due to  excessive localised  loading.
Sample in s ta b il i ty  must be avoided to  ensure fa ilu re  is  achieved in a tru e  
compressive mode.
Fibre in s ta b il i ty  within the sample should not be constrained; th is  must be 
regarded as a fe a tu re  of the  compressive behaviour of the specimen.
Simultaneous achievement o f a l l  these  c r i te r ia  make the experim ental 
determ ination of the  tru e  compressive s tren g th  very d if f ic u lt. Two major 
sources of e rro r are prevalent in p rac tica l terms. Clamping e rro rs , especially  
in the case of sho rt gauge lengths, may have excessive influence on the 
determined values. Meanwhile longer gauge leng ths w ill serve to  amplify e rro rs  
caused by the e ffe c t of sample misalignment w ithin the te s t  frame or 
nonuniformity in specimen dimensions. The e ffe c t o f the gauge le n g th -to -  
th ickness ra t io  on u ltim ate  compressive s tren g th  of a ty p ica l compressive 
specimen is  i l lu s tra te d  below.
Ultimate S tress
Length to T h ickness Ratio
F ig u re  FI
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I t  can be seen th a t the measured compressive s tren g th  f a l ls  o ff rapidly 
with increasing  specimen length. A slender specimen w ill tend to  show sidewise 
buckling (Euler buckling) a t a re la tiv e ly  low compressive s tre ss , thereby leading 
to  prem ature fa ilu re . As the gauge length is  reduced, the u ltim ate  compressive 
s tren g th  passes through a maximum, corresponding to  the u ltim ate  measurable 
compressive s t r e s s  of the m aterial. Continuing down to  sh o rte r gauge lengths 
causes clamping e ffe c ts  to  degrade the  observable compressive s t r e s s  re su ltin g  
in a lower experim ental value.
Compressive Test Data Reduction
The lo n g titu d in a l compressive s tren g th  (F,_c ) is  given by the re la tionsh ip :
Fuc = P _  
wt
where P = load a t fa ilu re  (N) derived from the analogue plot 
w = specimen width (mm) 
t  = specimen thickness a t te s t  region
I t  is  a lso  possible to  determine the compressive modulus (EIC) of such a 
sample i f  s tra in  gauges are  a ttached  to  the two faces of the te s t  specimen, and 
a s t r e s s /s t r a in  p lot thus derived. This was not applied to  th is  study  as 
adhesion of such s tra in  gauges to  the specimen would p o ten tia lly  lead to  
inaccuracy in the determ ination of the u ltim ate  compressive streng th .
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Appendix G
F eatures of F lexural T esting  
Data Reduction fo r F lexural Testing
Flexural Strength. I t  is  a good approximation th a t te n s ile  and compressive 
moduli can be assumed to  be equal for most m ateria ls. As th a t is  the case, 
beam t h e o r y d e f i n e s  the su rface  te n s ile  s t r e s s  f,=r, as a function of the 
applied bending moment, M, where t is  the th ickness of the beam and I  is  the 
moment of in e r tia  of the cro ss-sec tion .
fF = Mt 
21
At the cen tre  of the beam where the load is  applied, the moment M, is
M = PS/4
where, P is  the applied load and S is  the span between the support ro lle rs . 
Meanwhile the moment of in e r tia  I, is
I  = wt3 /12
where w is  the width and t the th ickness of the beam.
Combination of these th ree  re la tio n sh ip s  g ives an equation from which the 
flex u ra l s tren g th  fP, is  experim entally calculable:
fF = 3 PS 
2wt2
Flexural Modulus. As the specimens te s te d  were not f i t te d  with s tra in  
gauges, the flex u ra l modulus E,=- may be determined by considering the  p lo t of 
load versus cen tre  deflection  from the x-y p lo tte r . I f  the e ffe c t of any shear
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deformation is  ignored, a simple expression is  obtainable for the flex u ra l 
m od u lu s^ -7*2 '12'24 '70.:
E,,- = Sfm 
4wt3
where, m is  the slope of the linear section  of the load /deflection  p lo t <N/mm>.
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Appendix H
Features o f ILSS Testing 
Data Reduction fo r ILSS Testing
Frora the p lo t of load versus deflection , the peak load a t fa ilu re  can be 
derived. The Interlam inar Shear S trength  is  then given by:
ILSS = 0.75 P 
wt
where P = the load a t fa ilu re  (N) 
w = sample width (mm) 
t  = sample thickness (mm)
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